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SUIMEIARY

This monogrzph presents the basic principlss of a new
experimental method for studying the processss of plastis

deformation and siresses by translucence in polarized light

- optically sensitive materials which ars-subjected to a
. permenent deformation. This is known as the method of photo-
— H .
ii

plastieity.
The initial presentation of the new method is given in

the present monograph in terms of wviscous flow.

@

The results of this work may be used in studying models
of the»various'processes of plastic deformation.
This book is intsnded for use by engineers and scientific

personnel.
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~ INTRODUCTION

One of the authors of this monograph, S. I. Gubkin, organized

&
[

"in 1949, ihe Physiggle?sehnical Tnstitute of the- Academy of

)

Sciences of BSSR, a lahoratory for the purpose of developing the

method of photoplasticity,

The initial investigations in this laboratory wers conducted

by S. I. Gubkin and 3. I. Dobrovol'sky. Some results of these

investigations were published in Doklady AN USSR {10, 11]. In

1952, the staff in the laboratory was Joined by B. B, Boyko.,

ag 2

By the end of 1954, it was possible to conclude that

result of the laboratory investiigations one of the basic Problems

of photoplasticity was resolved in its basic fofm — deierminiﬁg

%E} the siress state by methods of photoplasticity'under viscous flow

conditions, The solﬁtion of this problem which depicts thekbasic~

characteristics of this method permits us to consider that the

problem of photoplésticity has been solved in principle and estab-

lished as an independent method of invegti

In order to permit the most rapid possible development and

application of this useful method, the Scientific Council of the

Physical-Technicel Institute of AN BSSR reconmended that the

laboratory publish this monograph.

The present monograrh sum

marizes the m

the investigations conducted during the developmeﬁt of the method

of photoplasticity at the PTI [Physical—Technical Instituﬁe]

AN BSSR under the direction and with participation of the llember of
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AN B35S, S. I. Gubkin.

The work of preparing ths : '_ for publication was divided

among the authors as folléﬁs: wkin prepered an outline of
the work and pfepared.the first 2nd sixta chapters‘and also edited
ths manuscript; B, B. Boyko prepared the'fourth chapter and the
‘gecond section of fﬁe f£ifth chapter, and S. TI. Débrgvol’sky prepared
the second and tﬁird chaptéfsiaﬁd tne first and third sections of
ths fifth chapteéa

This monograph was designed for readers who are familiar with

method of photoelasticity.
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_CHAPTER I
METHOD OF PHOTOPLASTICITY

1. Photonelasticity

At the present time there is no Sield of tecumnclegy in which one does net

have to deal with stvﬂqses and sirains, both elastic and plastic. The study

of distribution of siresses in an elastically deformed body and the determina~-

tion of these siresses is one of the most important prcblems of modern mechanics. |

An analytical solution of these problems based on theory of elasticiiy is

usnzlly associated with a solution of partial differential equations with

nding boundary conditions.

]
w3

pariial & rivatives and with difficulties in

ticularly <roublesome in problems involving irregular

[4

The solution of

ouilines and a complex distribution of applied loads.

problems which are of the greatest -réétical interest are those associated for

instence with siress concentratons in machine parts subjected to repetitive

I lozds of alternating sign, end in = rnumber of cases problems of this kind pre-

sent the greatest difficulties.

The theory of double refraciion waich appeared in the forties of the

1mst cenbtury in regard to "compresss3 znd n

hodies™ waich was derived by F. Yeuzazn from the conditions of stztic equilib- !

riur zni which was subsequently ceveloped by Maxwell, lay the basis for the

creztion of an experimenteal metrol of measurement of stresses in an elastic

mediume.

e French scientist Leger coniucted at the end of the last century

Declassified in Part - Sanitized Copy Approved for Releae @ 50—r 201/06/1 : CIA—RDP1—0104R000024OO 8
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oxtensivé investigatlons ieading to the initial development of the experimental
method of mea urement in an elastic medium which subseuuently was named the
method of photoelaaticity (i.e.; a methnd for obtalnlqg a pictorial represen-
tation of the state. of stress for an elastically defdf:ed riedium). This wcrk
was highly praised by ouf_éompatriot, the founder of zetallography, D. K.

. Cherncv, in his communication of 10 March 1884 on the topic, "Some Generali-

| zations on New-Observationspin the Vorking of Steel® /1/.

Prof. V. L. Eirpichev, there was con-

s;ﬂrent models by the method of photoelasticity.
nstructed for the laboratory of applied mechanlcs of
esent Lenlngrad Polytechaic Institute.
method is given in wproceedings of the Conference on the Optical Method
-of Measuring Stresses“ /2/.

The essence of the zethod of photoelasticity con sists of the following.

An optlcally isotropic plate prepared from an optically sensitive transparent

material having been placed in a state of nonuniform elastic straim beccmes
optically anlsotroplc as.long as the applied load causing the elastic defor-
mation is maintaineu. Therefore, polarized white or monochromatlc 1lght dis-
plays double refﬁaction in passing through the lqaded plate. This sffect con-
gists in the 5plitting of a light ray int§ two.rays which vibrate in two

~ mutually perpen@iéular planes and which propagate in the medium with different

velocities. Because of the difference in the velocities, we observe a differ-

snce bstween the propagations of the two rays defined by the formula

U e b e

R= Cd(d‘ - °2)»

3
t

-

p

. where R is the difference in the paths;.
'd is the thickness of the plate

¢ is a constant known as the op ical coefficient of stress which depends

Declassmed |n Part - Sanmzid@gy Approved for Release @ 50-Yr 2014/06/18 CIA-RDP81- O1043R003900240001 -8
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on the properties of the materialj
* O 1 and 62 are the principal stresses at a given point.
shearing stress is given by

It must be noted that the maximum

g, — 52

Tm_ax =7 D) .

arly polarized monochromatic light subjected to double

In the case of circul
in the field of the polariscoDe,

refraction in passing through a loaded place

! we obtain on the photographic plate a sysism
E%E

of dark fringes which are called

isochrematics (Fig. 1). Each of these fringes represents the locus of the
points in which the shearing stress has the sanme value. Iu this instance,
he magnitude of the shearing stress is determined by the value assigned to a

a

fringe is determined

q
'

cr

fringe and to its order. The order n of the

ference in the path expressed in wavelengths of light. The value of & fringe
is given by the expression
- Tmax - d
Ty = - . N
n (2J)

In order to determine the fringe value there are appropriate methodse.

F"'," pre i

duced by polarized light

ochromatics) Ppro

Figure 1. A systenm of dark fringes (is

in elastic optically sensitive materials.

In the case where white light is used, the fringes corresponding to equal

ﬁg shearing stresses have different colors which depend upon the value of the
see insert between pages U6 - 47 ).

maximum shearing stress {Figure 2,

STAT
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Experience has shown that for quantitative studies it is more convenient to

use mopbchromatic light, while white light which giyes a color picture of the
distriﬁuélgn of stresses is more useful for graphlcal demonstratlon.

When we use plane polarlzed light, we observe on the .general fringe pat—
tern certain supplementary dark lines or reglons Whlch are called isoclinics.
'Isoclinlcs represent the locus of the points in which the principal stresses
have the sace direction, one of which coincides with the orientatlon of the
pigne of pélaflza‘ . ight BHaving the isoclinics; we can construct a
grid of frajectories of the principal stresses;

knp-ing at 9ach poirt the magnitﬁde of the maximum shearing stress and
the directions of the principal stresses as well as the boundary corditions,
it.isfposaible to defermine the tensor of the stresses at each point of the
Qlaaﬁlcally deformed body using the methods of :

The shotoelastic method has undergone extensiv
receﬁﬁ years. The work done over a period of many years in a number of scien-t
tific schools in the development of this method haé led to greater perfection
of this method. Imp;ovement in the experimental techﬁique has enabled us to
obtain an undistorted picture of the stresses along the edges of the model,.
This has presentsd great possibilities for studying the concentration of
stresses. The considerable material accumulated in
ficients of stfess concentrations has clarified the
and has shown the way in a number of cases to eliminating these failures.
Thesé data Qere gbtained primarily as a result of investigations carried out
by means of the. photoelastic method.

At ' is ne other method which permits us to determine

. so completely the state of.stress with'considerﬁblevprecisionvand with rela-
tively small expenditure of time and effort.

The recent deveiopments in three~dimensi icnal phoﬁoelasticity offer even

more promiéihg'pb:spectives.

Declassified in Part - Sanitized Cop A oroved for Release @ 50-Yr 2014/06/18 - CIA RDP81- O1043R003900240001 8
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Of part;cular significance in the develapment of this method are thé‘ﬂf
@ " works o! the SOViet physacis’c Ao V. Stepanov with the following resu...ts.

" (a) The peculiar;ties of stress distribution in elastic anlsotropic

termined /3/. An analy51s of these pecullarltles leads to the uoncluslon B
that even 1n so—called quaai-isotroplc medlu. among whlch all polxcrystalllne
metals may be included, the dlstrlbution of atresses may sometimea differ sig- -
nificantly from the dzstr;bution in isotropic meama. Therexcre, -when we de-
termine the distribution of stresses in metal parts by means of modela of

isotropic materlal,.we.do not always obtain a precise picture of the actual’

| media ecvmpared w:Lth isotropic media under the same cenditions have been de~ -

(®) & group of aﬁisatropic ¢rystalline substances was discovered whose
mechanical properties and crystalline structure are-similar to the mechanical
properties and structure of metallic crystals /4/. Among these substances are

"haloid salts of silver and thalliunm and their varioﬁs alloys. These substan-

(4]

a

=2

ere discovered by A. V., Stepanov about 1935, and, at the July ses ion of

ct
[]

he Academy of Sc:enceg of USSR in 1944, he reported a new optlcal method of
determinlnq stresses in an elastic redium, dlfferlng from the usual photo-
elastic method, in which models prepared from a transparent matexlal of érySn
talline structure were utilized. A. V. Stepanov propased that the "trans-
parent metals" be used as materials for -such models. Among these he named
chloric silver® and other haloid salts of silver and thalljum and their
various alloys.

A. V. Stepanov's proposal permits us to determine by means of elastically
loaded models of "t;ansfarent petals" a much more yrecise pictﬁre of the dis-
tribution of stresses than by means of models nmade of similarly loaded iso-
tropic material. Acceptance of thris proposal will lead to considerable fur-

‘i ‘ ther development of the existing method of photoelasticity.

* A. V. Stepanov, Author's certificaté No 47829, 30 June 1936.
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'fiAt the preseht time, the engineéring profession is already aware of thé
fact that the photoelastic method is a reliable and perfected tocl in the

hands of investigators and designers which yields in many cases a rapid and

accurate solutiah of very difficult practical problems and which at the sams

time offers the means of confirming solutions by mathematical theéry of elas-~
the value of the theory itself.

ticity, thuS»increézin* Therefore, during the

elasticity, many new laboratories have been established for éxperimental deter-

mination of states of stress by the photoelastic method;and numerous studies
are in progress to perfect stili further this visual method of siress analysis

which in the words of A. K. Zaytsev '"makes the invisible visible" /5/.

2. The Need for Development of an Experimental Method of Studying the State
of Stress with Plastic Deformations,
nwhgn we determine the atate of stress in plastically @eformed bodies by
analyfical methdds, we must use the mathematical tools which afe now available
to us in the mathematical theory of ﬁlasticity and those data on the mechani-
cal behavior of bodies'ﬁhiéh we can obtain by hodern laboratory experimental
!‘>' teéhniﬁues. The solution of prohiems in the theory of plasticity as well as

-in the theory of elastlcity involve the use of very difficult dlfferential
' equations w1th partial derivatives and ohe dlfflcultles assoczated with formu-
lation of boundary conditions.

'However, the d;fficulties which arise in solving problems in the theory
of,plusticity,itaking into account the present state of the gdience of deforma-
tions, are ipfinitely nore difficult than the difficulties arising in the prob-
lems of the theory of elasticity.

Thia can be explained by the following circumstances

1. The mathematical theory of plasticity is not nearly as well developed
as-the'mathematical theory of elasticity. This is explained first of all by

" © 'the cbnsidefably greater scientific maturity of the theory of elasticity as

M Declassified in Part - Sanitized Copy Approved for Release @ 50 Yr‘201.4/06/18 CIA- RDP81 ‘]043R003900240001 -8
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compared with the theory of plasticlxy, which is a relatlvely recent otfaheot i?_,
(. o 'of science, and also by tke ...nadequate study ‘of the physical nature of the |
plastidlﬁre cess. ' I
2. Ih the geaeral case considerably greater difficulties arise in for-
mulatiné the boundary conditions for problems in plastlcity than for those in
-e*asticity. - | o ‘
Partiéularly great d1£f1cu1t1es ariae in the solution of problems in
which plaat;c deformation is accompanied by surface frictiom /6/. The latter
has exceptionally great efiect both cn‘the character of stress dlstribution
in the deformed body and on the magnitude of the deforming forces. In a
number of cases this magnitude is affected not so much by the mechanical-pro-
perties of metal (which determine its resistance to plastic deformation) as the
cond;tions of,eontaéﬁ friction. AsAis shown by experiments, the deforming

force may be reduced by & factor of more than five in certain cases by changing

the conditioes of contact- friction.

'! _ .In spite of the great significance of the conditions of contact, we do
not as yet know the laws governing the contact friction during plestic de-
formation. In many practicel cases of deformation the specific frictional

force is given by the complex.function:

~
\n
o’

<, = F(N, tm,— W, ),

where 0 is a specific frictlonal force;
N is the ne;mallpressure;

Tsn is the yield point in shear of the surface layer situated near

" the rontact surface'

W is the velocity of slip of the part:cles of the raterlal in the

surface layers;

to is the temperature of the contact layer (it may differ frqﬁ the

temperature ef the body being deformed).

o STAT

Sl
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VFﬁxperimeﬁt;i‘Aetormination of function (3) is at times extremely diffi-
- cult. ‘ | -

3. éonsiderb, y zreater difficultiés arise in describing the mechanical
bobaQior*of‘# plasficaliy deorﬁed body-tﬁan in describihg the béhavior_of an

élaatiq body.

, _<__<______,A,A
. \"‘

The description of the mechanical behavior of an isotropic elastic body 

, is éompletely determined by two constants -- Young's modulus and Poisson's

ratio. Eowever, the mechanical behavior of a plastically deformed body may .

ed in the general case only by a complex functlon of the following

. o _ e.--o(t° 409 x50 ' (&)

{ . [ B T

1 I S TS S S
4
@
m
a-

'Eere»‘6q is the resistance of the material to deformation;
° is the tempnerature, °c;

eformatlon'

fu

P ' a is the degree of
@ ? " 'w is the rate of deformation;
| N O . is the average -stresé;

the cheﬁical compositions;

g.

x

| ol

b c s the Qtructure of the matérial belng def&rmed whiclh 23 a rule
changes during the pr sess of deformation. |
.Thus, inst;ad of completely determined cqnstants which describe the
elastié héﬁévior of therbody. in describing the plastic behavior of the same
body we must:degl.with a camﬁlex function which considerably complicates the
solution of the problem. At the sane time, the laboratory procedure by means
of which we can dqt§rmine preciéely the <omstants aeécri-iag the behavior of |
- an élastic body is not yet sufficiently developed for a precise determination
of the functions of type (4). '
4, The pature of the plaaulc process nas not yet been adequately atud1ed.

: M
4’ This makes it impossible to take into- account certain phenomena which arcampany

STAT
1z '
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the process of plastic detormatzon and affect thn distribution of stresses, '

r hag S

s b

thus 1essening the preclslon.

Therefore, the sclence ot plast1city needs the creatlon of an experimental
method of measur;ug the stresses by a method szmilar to the photoelastio method
even to a greater degree than ‘the science of elasticlty. Thls is necessar;
to conserve equipment and tlme in solving many important problems in plasticity
as well ss to assure further progress of the science of plasticity and its
mathemstical theory. The development of the experimental method of measurins

stresses in plaat1ca11y detormed bodies will permit us to verily the ezasting

methods or mathematzcal theory of plasticity, as well as to perfect and develop

then; Snch a method in addition will broaden our concept of the nature of

The basis of the method of photoeiasticity is the effect of dea;le reo-
fraction caused by elastic deformation of the medium. However, plastic do-

formaticn can occur and develop only in an elastically deformed medium. This

postﬁlate is a most”important law or‘plastic deformation. Fiog it ieeoan draw
a corollary regafding the possi%ility of obsefviné the dffect of oouble re~
fraction in a plasticallyldeformeé kody. Thus, there arises the possibility
of creat1ng an experlmental method of measuring stresses caused by plastic
deformation. The basis of the proposed method, ]ust as in the pbotoelaetic
method, is the effect of double refraction caused by elastic deformation, i.e.,
by a reversiole displacement of kinetic ﬁnits of a substance (atoms, molecules,
macromolecules), which also accompany every process of plastic change in form.
'Therefore, the given method may be called the method of photoplastioity ag
being analogous with the method of photoelasticity (the method of obtaining a
pictorial representation of the states of ettess for a plastically deformed
medlum). |

The method of photoplast1c1ty, whlle vased on the same physical phencme-~

non as the method of photoelasticity, differs from it in certain principles,

a3
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an&, thereforé; mﬁy be cbnsidored dnifé independent. We shall discuss this

more fully helow.
The method of photoelastic1ty utilizes the process'cf elastic
and sclves the problem of stress dlstrlbut*on by supposing that the stresses
in the model do not exceed the'elastic limit, Therefore, the mechanical be-
havior of models of isotroplc materlal is deacrlbed by Hooke's law with gnry
two constants being involved =~ Young s modulus and Poisson's ratio.- ‘
The method of photoplasticity is the mcdel analysis of the process ofl
plastic deformation and solves the problem of states of stress by supposing
.that the stresses in the model exceed the elastic limit. The mechanical be-
havior of the models in this case is uescrlbed by the laws of plasticity,
which have a variable form depending upon the nature of the material being
detorued and the connltlo as of |
’tho models in the case of the method of fhotoplasticity may be
ThareforsA every method must be develqped by solving typical problems corres-
uﬁdiug to the classxflcatlon of the rheological behavior of solid bedies.

3. Claasiflcation of the Rheelogica) Behavior of Solid Bodies.

~ The character of the relationship between resistance to shear and such

parameters as rat of deformat;.on9 ‘the degree of deformation and average
stress, as well as the nature of failure of tne substance yield an adegquate
'pirture of the rheoclogical behavior of the substance at a given temperature.
In this instance all solid substances may be dzstlngui&hed by thelr character-
isii 'ueformatlons and they may be represented by several rhsologlcal bodies
among uhlch are: |

:~w~\ﬁm‘v_l& Brittle Hody. An ideal brittle body fails at elastic deformations
of ncgllglble value thhout indicating any iielding whatscever. By d;forma-
tions of negligible value we mean deformatxons less than 0.,001% (one of the
speclfied values of the ela;tle 1imit). Irn the case of presence of any symp~

toms of 1ie1ding or failure at small elastic deformations of the order of

1b R " STAT .
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0.001-1%, the body is brittle if the residual deformétionsfare of the same .

!g “ maggitﬁde aéﬂthe'elgstiekonéﬁ.
| 2.v Elastic Body. An ideal elastic body permits uﬁiiﬁifeé'élastic de~
fofmgtions without any indidatioﬁs of yielding or failure. The body 'aich ‘
fails without any symptoms of plaétic deformation, but at 1a£ge values of
elastic deformations is an elastic body. By large elastic deformations we
mean deformations which have minimum values measured in tens of percent. The
letionship between the stresses and deformations may be either linear oé
nonlinear. An elastic body may be combined with a brittle ore. Thus, we DAY
have elastic-brittle bodies. However, if the failure takes place as a result
of large Qlastic deformations, then:such a failure cannot be defined as &
brittle failure. This, thern, becomes a special iype of failure which we

associate with elastic bodies. . - -

3, Viscous Bodx. The basic characteristics of a viscous body are the
ioliowins:. | - '
1" | o (a)‘ The ;esistanéé-of a viscous body to shear depends upon the rate of
deformaticn and does not depend upon its.magnitude;
‘(b) &ﬁfingifhe flow process of a viscous body there is an absence of re-
sidual changes in its structure and propertiess;

(¢) before a gertain rate of deformation determined by the nature of the
given viscous body and temperature is attained, this body shows infinitely large
plastic defofmations without any symptoms of discontinuities.

| In his well-known work F. P. Kobeko cites-a description of interesting
experinents by Kornfeld ﬁnd Ryvkin in which they_subjected a stream of liquid
to rapid impact applied at right angles to the direction of its flow and

photographed the stream at the moment of impact /7/. For an impact applied

at 19 m/sec the stream was deflected plastically as a unit, while for an impact
applied at 23 m/sec the stream is shattered as brittle glass and is fragmented

{n the manner shown clearly in Figure 3.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8



A. Nacdai shcws that one of the compounds of silica (silicone) prepared

in the form of a sphere flows under its own weight, but when this sphere is
. permitted t; fall 1;2 m, it rebounds as an ideally elastic material /8/.
However, the elastic state is aprarently only a transitional ous and if the
rate of defcrmation‘is increased, the sphere becomes a brittle bédy. Accord-
ing to the observations of ﬁhe authors, certain gels behave in precisely the
same manner for véry slow rates as elasto-viscous bodies, and at rates of de-
‘ e as |

The resistance to shear of a viscoué body for a given rate of deforma-

tion depends notably upon the hydrostatic press#xe. This relationship may

be expressed by the formula

where Cfis average stress;
7% is resistance to shear for Cf: 0;
73 is the resistance to shear at a mean stress equal to Cf;

X ia a function dependent upon the molecular welght.

\
ol

AT %
Figure 3. a == the form of a stream of lidquid with a viscosity of 5000 poises
subjected to lateral impact at a velnc1ty of 19 m/sec; b -~ the same for an im-~
pact with a velocity of 23 m/sec (from Kornfeld and Ryvkin).
Formula (5) is analogous to the well-known formula which gives the rela-

tionship between the cocefficient of viscosity and the hydrostatic pressure.

It is useful to consider two types of viscous bodies: a liquid viscous

16
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body and a s0lié ome. The liquid viscous bédy bhas & low yield poiht and as a fﬁlﬁ
‘ result assumes under its oﬁn weight after a certain length uf time the shape

of its container. A solid viscous body has such a yield poipt that under the
influence of its own weight it cannot assume the form of its contaiber,

.The rheological curves of a viscous body are shown iﬁ Figure 4,

4, Plastic Body. A plastic body possesses the following‘éharécteristics:

(a) its resistance to shear does not depend upsz the.rate”of deformation
but may depend ﬁpon its magnitudc;.

{(b) during the process of plastic deformation there occurs & change in

the structure and properties of the body.

It is necessary to distinguish between a nonfailing plastic body and a
failing one. A nonfailing plastic body produces infinitely large plasiic de-

formation without any symptoms of discontinuities, while a failing body becomes

embrittled»by plastic deformation and il * .
fails when the deformation attains a ) . -
“f certain value. A plastiéally ém-' v Y ,
brittled body (nonplastic body) must ] ;__-_“_:-
be differentiateq from abbrittle one, Y "/;— ' g
The former m;y-fail at very small /// l—_—————f:.
elastic deformations without éﬁy % Y T
noticeable geometric symptons of [

0 - v 0 [
plastic deformation just as a brittle Figure 4. Rheological curves of a vis-
cous body: 7 is the stress; V is the

body, but it differs from a brittle rate of deformation; € is the extent

’ of deforrztion; —— indicates an infi-
body in that failure may occur in it nitely large plastic deformation.
only as a result of a preliminary plastic deforzation, while a brittle body
fails without it. An embrittled hody and a Lrittle one also differ in the
character of their failures. The failure cf arn erxbrittled body is usually

termed a viscous failure while that of a brittle body is called a brittle

i failure.
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The mean vaiue of the stfess has practically no effect on the resistance
of the plastic nonfailing body to shear. In the case of a plastic failing
body, the effectrof‘the mean stress becomes more pronouncedlas the body be;
comes mbre‘embrittled in the process of plastic deformatioxn.

Figu£§'5 shows rﬁeclegical curves characteristic of a plastic body.

Pigure 5a shows the rheclogical curfe of a nonfailing body. In the initia)
scage we observe the greatést increase in the strength of the materlal. As the
increases; tihe trenzth gain decreases and flnally ceases
sntirely,'as a result of which the rheological curve becomes a straight line
parallel to the axis of absci;s#. The straight line in Figure‘Sb is character-
istic eitﬁer for a material already strengthened by means of rreliminary plas-
tic deform#éion or for the very first stage of deformation of certain materials
having a sharply defiggd yield point and which are undergoing cold working. A
material with such a rheclogical behavior is often called an ideal plastic
body /8/. The curve in Figure 5c is typical of plastic materials whicﬁ fail
#s a result of embrittlement in the process of plastic deformation. The
straight line in Figure 5d may in certain cases }epresent with sufficient
accuracy that portion of the actual rheoxogical curve corresponding to a given
stare of detorma*ion. The curve in Figure 5e is characteristic for materials
"ith a sharply defi ned embrittlement occurring dufing the process of deformation.
In most cases, this curve indicates that under given conditions of changa of

form the pred ant mechanism of flow is an intercrystalline deformation which

- tekes place with progressive breakdown of the bonds between crystals.

If in quite obvious that there are in pature combinations of different
rheblogical bodies. Therefore, it is proper to describe the behavior of the
following combined bodies: (1) plastic-viscous; (2) plastic-brittle; (3)
elastic-plastic; (4)‘ elastic-viscous; (5) elastic~-brittle; (6) viscous-
plastic-elastic; (7) elastic-viscous-plastic; (8) elastic-plastic-brittle;

(9) elastic-viscous-plastic-brittle.
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Figure 5. Rheological curves of a Figure 6. Rheological bnrves for
plastic body:—s indicates infinitely combined bodies.
large plastic deformation; X indicates ‘
failure.
The combined bodies possess respsctively the combination of characteris-

rheological bodies which form the combinaticz., The rhso-

the combined bodies also reflect the combinations of the

It must be noted that elasticity to some degree is present in all natural

bodies. In addition to that, the process of flow can only occur in an elas~-

tically deformed body. However, in many cases it is expedient to neglect the
elasticity to simpiify the calculations and the description of the behavior
of the bodies. For instance, it may be neglected in describing the behavior
of a large number of viscous bodies. ihether or not the elasticity of a vis-
cous body may be neglected is even considered one of the most important cri-
teria for deciding whethef a body is sclid or liguid. TFor instance, in the
experiments of Kornfeld and Ryvkin mentioned above, the.experimenters inyesti-
gated the behavior of a stream of sclution of rosin in mineral oil. This sub-
stance having a viscosity n = 5-103 poises may be considered only as a liquid
bedy as judged by the aggregate of its properties. The authors also dealt

with a rosin plasticized with a rosin 2il but in different proportions thma
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those used in the'above experiments. The viscosity of this substance was
“ n = 2.5'108; it was not possible to determine the yield pcint by orxrdinary
.means because of its extremely szmall value. The rheological behavicr‘of this
bady corresponds to the graph shown in Figure Z8. At the same time, according
to external characteristics, this solid body which can be deformed plastically
with ease under a slow-action of applied forces, under impact shatters into

@all fragments as 2 brittle body. 3y means of pressure this body may acquire

ehanges only after a ccnsiderable period measured in months.
Thus, according to all symptonms this body approaches a solid viscous body. A
body possessing elastic properties to such an extent that they cannot be neg-

be classified as a solid body, and in this instance we must des-

o

‘ lected mus
cribe its rheological behavior by the combined rheological characteristic

shown in Figure 6a. Even a body whose elastic deformation can be neglected

a solid bodie

‘i In considering large plastic deformations of a plastic body we can neglect
77777 ) ;laatic deformations, buf in the case of plastic dgformations which are com-
mensurate with elastic ones we mgst‘consider that we are dealing with axn
elastic-plastic body wﬁese description has great'practicél significance.
‘Rheological characteristics of this body are shown in Figure 6b.

Rheological charaetéristics determined by thé relationship between re-
sistance to shear and the magnitude of deformation are the same for both the
plastic-brittlé body and the plastic boéy which fails in the process of defor-
mation (an embrittled body). However, taese bodies are distinguished by some-
what different rheological behavior because of the completely different cha-
ractef'of failure. In addition to that, the average stress has a considerably
greater effect on the rssisgance to shear of a plastic-brittle body than on
the resistance to shear of a plastic failing body. Figure 6c showe the rheo-

‘. logical characteristic of a plastic-brittle body with average stress taken into

20
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account, and in this instance this characteristic is given not by a single

' curve, but by s family of curves. Red sandstone and marble {Figure 7) indicats

~

a2 behavior analogous to that described in Figure 6c. The average stress exerts

so great effect on the behavior of the bedy that by increasing.the absolute

value of the negative mean stress it is possible in a number of cases to trans-

-

form a body from a brittle-plastic state inte a plastic one and even to obtain

& plastic nonfailing body in some caBeBe ... .. .o
11 ~TTTTT
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; Figure 7. Rheological curves for parble (2) and sandstone (b) under triaxial
” compression (from Karmen).

Lezend: a) failure
Tlastic-viscous bodies wihich are widespread in nature present consider-

able interest to us. Among them we can consider first of all the great ma-

jority of polycrystalline metallic alloys. The metellic substance in a tem-

perature range below the temperature of recrystallization shows symptoms of a

plastic body to the greatest degree, particularly for the lower temperatures.

" Phe lower the temperature of deformation, the greater the increase in strength

and the less the effect of the rate of deformation on the resistance to sheare.

However, the behavior of retallic alloys becomes different at temperatures

exceeding the temperature of recrystallization. Then we begin to rnotice symp-

om an e

toms of a viscous bod

temperatures.

a. Thus, if at the low temperatures symptoms of a plastic body predominate,

then at temperatures apprcaching the temperature of fusion symptoms of a

21
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viscous body predominate in many cases. ‘At high temperatures we may observe

Iii that the extent of deformation has no effect on resistance to shear in spite
of the presence of structural transformations occurring during the process of
defbrmation, and the rheological behavior is described by characteristics

;» ass§ciated with & viscous body (Figure 4)., However, the physical significance
of the rheological characteris¢ic in this case is quite different from the

! . characteristic shown in Figure 4, 1In the case of a plastic-viscous body the

characteristic indicates that ﬁhe gain in strength occurring in the process

of plastic deformation is completely eliminated by the weakening process

which acéempaniee the deformétion, while in the éase of a viscous bcdy the

deformation procéeds wifhoﬁt gain in strenéth and résidual'structural changes.
The mechanical properties of the substance reflect the naiure of the in-

termolecular forces. i.e can draw certain conclusions regarding the structure'

of the substance ip a geries of cases from the values of the mechanical

'Qb ‘ : “ A study of the rheological behavior of the substance along with an ana-
lysis of the mechanical'propertiea and mechaﬁism of flow improvés our under-
standing of the structure of the substance and the structural changes caused
by .its flow. Cdnversely, the study of the structﬁre and the structural chan-
ges of a substance aids us in gaiéing a better understanding of its rheologi-
cal behavior. It is known that the character of the changes of many mecha-
nical prbperties of an alloy.depends upon its chemical composition and the
type of its composition diagram. ‘Besides that, many mechanical properties
and the rheological behavior of bodies depend on the peculiarities of their
atrucfure and molecular weight. Thus, the viscosity and rheological behavior
of bodies cannot be considered as being unrelated to their molecular weight.
In the case of a small molecular weight we are dealing with mobile liquids.
As tﬁe moleculér weight of polymers increases, the mobile fluid is transformed

successively into a viscous, then an elastic~-viscous. body, and, finally, into

22
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an elastic (highly elastic) body. Mechanisms of plasticity also depend on

the peculiari . visecous bodies are asscciated with unordered .
mechanisms of plasticity. In such bodies the predominant mechanism is a
simple amorphous me;hanism of plasticity. In plastic bodies.we observe
orderly mechanisms ‘cf plasticity such as intercrystalline slip and twinning.
When we consider not only the orderliness of the structure itself bﬁt the
actual order as is shown well by a diagram taken from P. P. Kobeko /7/ (see
Figure 8), then we may derive considerable useful material for clarifying
the rheblogical peculiarities of a substance whiehbdepeﬁﬁ upon the degree
of orderliness of its structure.

The defqrmation characteristics of rheological bodies described aﬁove

{based on generalizations of materials derived from physical and physical-

ehemical investigations) permit us to pose the question of classifying the

rheologiéal'behavior of solid bodies with respect to its chemical and struc-
tural peculiarities. The creation of such a classificaticn weould aid in
obtaining a solution of a series of most imporf&nt problems in various fields

of science involving the questions of deformations end chemical compositions.

Figure 8., A schematic two~dimensional diagram of erystalline structure
(left) and amorphous structure (rignt) of quartz.

The deformation characteristics which describe the behavior of basic

rheological bodies as proposed here are not yet sufficiently developed for

a3
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‘the proposed classification. Both the deformation characteristics and the
terminology need to be defined more accurately. At the same time our concept
of the symptoms of rneological behavior must be broadened in order to estab-
l1ish a more intimate relationship with chemical and structural properties
of the substance.

However, in order to solve the particular problem rélated to the typical
problems of photoplasticity, the classification of rheological behavior of
solid bcdies proposed here may be utilized successfully in its presant forno.

On the basis of this classificaticn wc mzy draw the coﬁclusion that the basic
typical problems of the method of rphotoplasticity are: (1 viscoué, (2)

' plastic, and (3) viscous-plastic. For each of these problems'there is a

xperimental procedure as well as an analytical method of
attack.

In the present momograph there is given a solution of the problem of

viscous photoplasticity, and methods for solutions of other probiems in

’ photoplasticity are iﬁdicated.. The problem is posed in this fashion since
the viscous'prcblem is the simplest one both with respeét to experimental

i technique and theoretical treatmgnt. AIn the process of solving this problem
a series of important questions of methods of attack which have a great sig-.
nificance for all problems of photoplasticity will be wlarified; this solu-
tion will fecilitate the solution of more complex prrobllems among which are
the problems of plastic and viscous-plastic behavior.

L, Basic Problems of Photoplasticity.

A. ¥, Stepanov showed that the transﬁarent crystals which he discovered
behave under pressure in a manner analagous to metals: they become stronger,
acquire a metallic texture, accumulate potential energy in the form of re-
sidual stresses and indicate the possibility of a large plastic deformation
be means of the very same mechanisms whiéh operate in producing plaétic de-

. rmaticn in a metallic substance. Basing his reasoning on the indicated
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éropertiea of transparent crystals, he considers it possible to app}y an
opticai method for studying the states of stress which arise as a ;esult of
plastic deformation in specimens having a grainy structure while they undergo
a change in crystalline structure. In A, V. Stepanov's orinion, investiga-
tions of this kind may have great significance in the study of various prob;
lems in metallurgy. geology and the theory of elasticity of a homogeneous and
quasi-isotropic body, the interaction between discrete particles:af a senmi-
crystal, the behavior of an individual grain and its boundaries, which wiil

the davelopment of our concepts of such phenomena as elastic hysteresis,

g
}3

4 i

i3

creep, fafigue and relaxation. Simila; jnvestigations may also be undertaken

for the study of the process of cutting of metals and the forming of metal

by pressure. By studying the stresses present in transparent crystalline

substances in‘polarized light, it is possible to reproduce in a model the
complex technological process of a combination of mechanical and thermai
reatment., A. V. Stepanov showed experimentally that in plastic tensioning

of a flat specimen of polycrystélline ghloriclsilver the graines being deformed

become outlined fairly clearly (see Figure 9). In addition to that, he indi-
cated the possibility of studying the nature of ;esidual stresses by means of
“transpareﬁt metals" investigated in polarized light.

S. O. Tsobkallo ard B. A. Kuznetzov have shown that it is possible to
study the nature of fatigue 1127 by means of "transparent metals" under polar-
ized light. D. B. Gogoberidze and I. D. Kirvalidze drew the same conclusion
having studied by means of ar optical method various fatigue phenomena in
monocrystals of rock salt /9/ .

S. I. Gubkin and S. I. Dobrovol'sky suggested in their work (devoted to
the application of transparent mcdels to the study of forrming of parts by
mearns of pressure) that during the plastic deformation cf certain slowly
deformed gels the observed pattern of isochromatics indicates the geometric

locus of maximum shearing stresses of the same magnitude 5197. The same
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authors have established in another work that the very same well-defined

observed in plastic deformations of certain

’ pattern of isochromatics may be

transparent resins AT;?. They also established that during plastic deforma-

tion of transparent optically sensitive materials it is possible to observe

both an ordered and disordered isochromatic patiern.

P T .

Figure 9. View of a specimen of chloric siiver in te&nsidn SSISTVES
£ie1d of a plane polariscope (from Stepanov).

erdersd cné when il reveals a certain

An isochrcmatic grid is called an

isochromatic pattern characteristic for the given type of loading (Figure

1' 10a). A disordered 4{sochromatic grid is one which reveals a field of va-

riously colored polygons with a real or apparent absence of any system of

coloring of these polygons (Figure 10b).

Figure 10. Isochromatic pattern: a -=- an ordered one; b -- & disordered one.

An ordered pattern of jsochromatics is observed in homogeneous media

" such as certaim plastic polymers (certain synthetic and pnatural resins) and

also in semi-cryetals whose grains are so fine that they approach in their
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bshavior a homogenecus substance. A disordered pattern of isochromatics is
observed in nonhomogeneous media such as in polycrystals whose grains havg a
different coloring. The finer the grain structure, the greater the likeli~
hood that the disordered isochromatic
pattern will become an ordered one.

In Figure 10b there is shown &
polycrystal of chloric silver with 2
surface plastically deformed with a
die. In view of the fact that fhe
grain strucfure is coarse, we have a
disordered isochromatic pa , Pigure 11. A distorted view of iso-

chromatics (a die forced into a speci-

sisting of variously colorsd men of chloric silver).
As the grain structure becomes finer, the isochromatic pattern becomes ordersad

ern is distorted (Figure 11).

althouga the Iring=

DR
pact
an

Both an ordered d a disordered isochromatic pattern may find its
special application. For a quantitative determination of distribution of
stresses an ordered fringe pattern is necessary. For the study of various
phenomena which accompany the process cof plastic formation. in many cases
a disordered isochromatic pattern has & predominant significance since it
permits us to study the mechanisms of these phenomena and to obsesrve their
kinetics. A disordered isochromatic pattern may be called a structural iso-
chromatic pattern ipasmuch as it reveals the structure of the model under-

oing deformation. An ordered isochromatic pattern which reveals the dis~-
tribution of forces in the volume of the model undergoing detofmation méy be
called an isochromatic pattern of macroforces.

S. I. Gubkin and S. I. Dobrovol'sky established that in addition to an

isochromatic pattern it is possible to obtain a pattern of isoclinics {from

transparent optically gensitive material undergoing plastic deformatioa. The

latter makes it possible to obtein a grid of normal principal stresses and
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maxiﬁuﬁ shearingvstressea (stress grids). Such grids (Figures 112-113}
!’ present a qualitative.picture of the distribution of streéses. if, however,
we succeed in evaluating the value of a fringe of a transparent optically
sensitive material subjected to plasticvdeformation. we shall obtain all the
necessary information for a quantitative solution of the problem of distribu-
tion of stresses in a plasticélly deformed materia} analagous to the problem
which is solved by the method of photoelasticity /I2/. ‘

| Thus, along with the method of photoelasticity there arises the method
of -photoplasticity which is based on the same phenomenon of doukle reiraction
as the method of photoelasticity, but which differs from the latter in a
whole series of specific peculiafities which put the method of photoplasticity
into a category of completely independent methods having considerably greater
range of applicability than the method of photoelasticity.

At the present time, the theory of elasticity serves a great variety of
sciences aﬁd areas of technoleogy. As a result, this methgd is applicable to
g’ : a large variety of problems which can be solved by th:f.s'theory= The theory

of plasticity is called upon in solving extremely complex pr;bleﬁs in the
‘field of geology, geophysics and mechanics of mineralogy;.it serves as a basis
for development of the theory of shapiﬁg metals by means of pressure and cut-
ting processss, ths formation of cermets and welding; it acquires an increasing
significance in the development of the theory af both metallic and nonmetallic
alloys; it assists in advancing the calculaticon of strength of structures and
in the various areas of applied mechanics; it has great signifiéance in the

| éevelapment of branches of chemical technology (for instance; that concerned
with pressure molding of plastics, and the production of symthetic fibers and
paints). Even certain medical sciences have recently shown an intérest in the

various applications of the theory of plasticity.

Hence, photoplasticity as a method of model analysis of plastic deforma-

28
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fields of technology is called upon to solve a great variety of problems.
All the problems of modelling the processes of plastic deformation may be
classified as probiems having the following objectives:

(i) #n analysis of stress distribﬁtions‘iﬁ plastically deformed bodies;

(2) a study of physical phenomena accompanying plastic floi.

Thé first group of p?oblems ip its turn may be divided into two subgroups.
In the analysis of stress distributions in plastically deformed bodies the
propiems may be divided into qualitative and quantitative ones the samre &s
in & chemical analysis. In this instance the question is not one of pre-
cision of measurements but of the reguirements of the problem. In case of
zeological and geophysical phenomena and also for
certain processes of shaping metals by means of pressure and cutting, the
baéi@ requirement is that of estaﬁlishing the general picture of distribution

stresses for the purpose of revealing the peculiarities of the phenomenon

o
=S

[¢]

r process and of establishing the‘character of its development. In such
cases, it is not necessary to obtain the absolute values of the stresses.

The iaochromatic'pattern of the stress distributions without any quantitative
te sufficient for establishing the peculiarie
ties of the phenomenon or process under study. Thus, the establishment of
the iséchromatic pattern of distribution of stresses in the last instant of
the filling of the mold in a stamping process reveals the characteristic
features nf the process being studied without any quantitative analysis of
the fringe pattern. e photcgraéh in Pigure 73 shows that during the last
instant of the stamping process there occurs throughout the casting a uniform
state of stress and that only in the vicinity of the slit do we observe any

ai

ts us in forming

o
m
4]
[0}
b
w

nonuniform distribution of stresses. This conclusio
a correct concept of the mechanism of the stamping process.

In solving problems similar to this our attention must be directed

primarily to realizing those cornditions of similarity which have a decisive
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influence on the peculiarities under iﬁvestigation and the character of the
!’ .procass being studied by means of the model.

The second subgroup of problems which are analagous to the problem of
thotoelasticity are of entirely different nature, since the basic¢ requirement
in this case is the determination of the values of stresses at each point of

! ' 'tﬁs body béing deforﬁed. In eolving these.problems th; basic requirement is

that of determining the precise value of a fringé énd determination of the
directiqns of.principal stresses by means of deciphering of the isoclinics.
Particular attention must be directed to the possibility of realizing the
conditions of a plane state of stfess.

' Tﬁe second group of problems of photoplasticity has as its objective the
study of physical phenomena which accompany plastic
these'phenomena have great practical significgnce. Among the basic problems

_in this group may be enumerated the study by means of models of processes of
plastic deformatioﬁ designed to incréase our knowledge of:
": (1) the mechanism of flow and fractures;

{(2) the nature of residual stressess

. (3) the nature of fatigue, relaxation, cree?. elastic aftereffect and

iy
(34

irst group, we may deal

W

1

*n1c [ god n 4L
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with both qualitative and quantitative problems,

S5a Basic Gharacterisfics of the Hethod of Photoplasticity.

A In spite of the fact that the same principle feorms the basis of both
‘the photoelastic and photoplastic methods, these methoés differ from each
other in substance.

Among the charzcteristic peculiarities of the method of photoplasticity
we may enumerate the following:
i. By ieana'of the method of photoplasticity we may study in models

w not only the distribution of stresses in plastically deformed bodies but also

. 30
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the structural changes occurring during miastic_defOTEation, using for this
purpoée optically sensitive models of cristalline materialé (haloid salts of
silver, thallium and their ailoys). ’

The discovery by A. V. Stepanov of optically sensitive crystalline ma-~
terials permits us cn the one hznd vo sighificantly improve the method of
photoelasticity, and on the other hand to create a new area of studies by
means of a method of photoplasticity, since there is a possibiiitj of uti-
lizing the structural isochromatic pattern for the study of mechanisms of
plasticity and failure and also to study the nature of the phenomena accom=-

- panying plastic deformation. |

Thus, the range of problems which can be solved by the method of photo—

plasticity is considerably greater than the range of probléms which éan be

solved by the method of photoelasticity. %hile the method of photoelasticity’

[>7)
o
[»}
5
n

solves the problems of distribution of stresses in elastically deforme
lems concerned with the nature of plastic deformation.
2. The area of qualitative problers on distribution of stresses which

can be solved by the method of photoplasticity is considerably wider than the

[+}

area of similar problems solved by the method of photoelasticity. At the same

time, certain of the qualitative problems of the method of photoplasticity may
be utilized in studying by means of models the geological and geophysical phé-
nomena of nature in#olving plastic deformation.

3. The requirements imposed on the materials used for models in the
methods of photoelasticity and photoplasticity are differeqt, hence the model
materials theceelves are different. .

4, The behavior of materials in the models being studied by the methods
of photoelmsticity and photoplasticity is different. Therefore, the mechani-
cal properties of the model materials which must be determined are also dif;

ferent. 1In the method of photoelasticity we must know such properties of the
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model material as Young's modulus and Foisson's ratio, while in the method of

!D photoplasticity we must know the relationship between the shearing stresses

and either the degree or the rate of deformation. Scmetimes it is necessary

to know both of these relationships and also the relations

shearing atress and the average applied stress.

5. The experimental procedures in the methods of photoelasticity and

photoplasticity are basically different. In-the method of photoplasticity,

deformation in the direction of incident light must be avoided, otherwise

_the eurfac& belng 111um1nated becomes uneven and the pattern of isochromatics

becomes sharply dlstorted. Deformation in the direction of the incident light

vaided by means of glass plates of required thickness which restrain this

deformation by exerting the necessary forces., This leads to formation of

certain frictional forces on the surface of the glass. Sometimes these for-

ces may be neglected. This is possible in those cases where the frictional-

The effect of the

»
' frictional forces 15 noticeable only at a slight distance from the surface of’

! the model. 'L‘herefore, as is shown by experiment the frlctlonal forces exerted

forces are ccnsiderably reduced by applgznv a lubrlcant.

by the glass may pe‘neglected if the thickness of the modelrzn the direction

of light is taken sufficiently large so that the isochromatic pattern being

observed is essentially in a state of plane strain. The avoidance of defor-

r
I0TC

W
1]

pation in the direction of. incigent light, reduction of the frictiomal

et the surface of restraining glass plates and the use of proper thickness of

_ +he modal are specific features of the experimental procedure in the meth

of photoplasticity.
6. The procedure for determination of the fringe
material in the method of photoplasticity has distinctive features

differ from the procedure used in the method of photoelasticity.

Thus, the mathods of photoelasticity an ad photoplastlclty are essential 1y

different methods both with respect to the experimental procedures and with
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respect to the materials used for the models, as well as the behavior qf

these materials in models and the determination of the properties which des-

cribe their behavior.
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CHAPTER II
i’ o - MATZRIALS UTILIZED IN THI METHOD CF FHOTOPLASTICITY

1. Specifications for Materials Used in the Photoelastic Method.

The materials used in the method of photoelasticity must have certain

op@ical and mechanical properties. Among these properties are the following:

i
|

i. An adeguate transparency.
2. Mechanical and optical homogeneity.
3. SnfficientAhardness. '

4L, EBase

(}]

£ machining.
b " 5. A high value of piezo-optical constants characterizing the ability
of the substance t§ become doubly refractive under ;he action of mechanical
forces.
6. A linear relationship bétween the stresses and strains, and also
between stresses and the difference between the paths of the rgys.‘
7. Absence of initial refractiom of light.
' 8. Adequate donstangy of optical and mechanical properties for smzll
changes in temperature.

9. Absence ¢f "edge effect" following machining.

10, Absencs of noticeable optical and mechanical creep and also absence

of elastic aftereffect and plastic flow.
' We must add still other special requirements to those enumerated for
the study of the stressed state in three-dimensional models. Thus, for the

’ study of distribution of stresses in three-dimensional models by the method

34
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i " of "freezing," the material must have the ability of "freezing" the siress
jﬁ : ; pat%ern. In utilizing the method of scattering of light the model being de-
i .

{ formed must have the reguired "turbidity.”

At the present time we still do not have materials which would satisfy

completely all the indicated requirements. The majority of optically sensi-
tive materials utilized successfully in the photoelasticbdethod both in our
country and abroad satisfy only the most basic of the requirements.

2. Specifications for Materials ﬁsed in the Method of Photoplasticiti.

The materials utilized in the method of photoplasticity must meet .
essentially the same requirements as in the method of photoelasticity (except
for the requirements given under 6 and 10), and in addition to that, they

e e
munt

[+
-

eet special reguirements which may be reduced to the following:

a) the material must produce large plastic deformatione;

~

(b) the rheological.behavior of the material must correspond to the
‘ rheolégical behavior of the prototype.
" For the purpose of photoplasticity we may use both amorphous and crys-
talline materials. '

Irn certain cases the maferials must be capable of serving as model
teriale for fatigue processes, creep and elastic aftereffect, while in
other cases it must permit measuring the residual stresses of the first,
second and third kind indicated, as well as the effect of the structure on
the plastic béhavior of crystalline bodies.

i Amoréhoﬁs bodies are substances with a disordered disposition of kinetic
units (atoms, molecules and macromolecules). These bodies.may be classified
into two basic groups. The first group consists of simple amorphous sub-
stances containing molecules of sxall dimensions (emall molecular weight);
the second group includes compounds consisting of macromolecules. FEach

macromolecule is a complex of chemically combined simple molecules. Such

amorphous bodies (polymers) have a distinctive characteristic of relatively

35
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high strength,
ﬁﬁ - Up to the present time, the method of photoelasticity has utilized
materials which belong primarily to the second group of amorphous bodies.

Reeéntly, the work of the authors has indicated that among simple amor-

phous substances there are transparent optically sensitive materials which

5
! are quite plastic at the same time, and that these may be successfully utilized
[

for the purposes of photoplasticity.

re gharacterlzed by the follow1ng peculiarities:

These materials are ar

mechanical and optical homogeneity; linear relatinnship between the difference

in the optical paths and the magnitude of the maximum shearing stresses (see

formula (2)); absence of an initial double refraction following pfocessing

and machining; absenc

£ e L arwmmwra 5
(s ¥ ATTEeversx

al

ties during the process of flow; very large plastic deformations without any

' symptoms of failure at definite rates of deformation and temperature; depend-

snce of the resistance to shear upon the rate of deformation and the average

7 3
" : stress (hydrostatic pressure) and independence of the resistance to shear on

the extent of defbrmation; noticeable effect of temperature changes on the

optical semsitivity and viscosity, and reduction in the fringe value of the

material with an increase in temperature. In addition to that, the rheo-

logical behavior of these matsrials corresponds to the behavicr of a viscous

solid body (see Chapter I, Section 3). Therefore, such materials may be

successfully applied

’ flow.
' As was already indicated, the problem of studying processes of plastic

deformation by means of models is an analysis of the state of stress in the

body undergoing deformation and the study of phenomena cFGMpanylng plastic

flow. . The solution of these problems 1is associated with crystalline materials

such as metals and alloys. Naturally, more complete solution of the indicated

A
®
problems by the method of photoplasticity may be attained by ucing models of

STAT .
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materials which.either co*pletely or to a large extent simulate the proper-
ties of metals and alloys.

The materials utilized in the photoplastic method must also have ths
following distinctive characteristics in addition to such properties as a
high optical sensitivity and transparency:

i. Piasticity. 'Resistance of such materials to shear must depend upon
the degree of deformatibn and be independent of iés rate. In the process of

~ plastic deformation there must occur a change in structure arnd properties.

We must be able to vary fhe grain size and obtain the proper structure in’

[

he materiel by combining deformation and thermal treatment.
2. Absence of an initial double refraction. Vhen double refraction is

suzh thermal treatment as will assure

present, we must be
complete removal of residual stresses or reduce them to an acceptable magnitude.
3. .Similarity of rheological curves to the corresponding curves of tﬁe
material in the prototype. The material of thé model must be capable of sim-
ulating creep, elastic aftereffect and plastic flow.
4, ©Possibility of obtaining transparent, optically sensitive alloys
with different structures.
5. The appeafancé during the process of deformation of residual stresses

of the first, second and third kind.

3. Classification ofIMaterials.

In view of the fact that the materials being utilized for the method of
photoplasticity have been stgdied relatively little, it is not possible at the
present time to enumerate the materials whose rheological behavior cofrespﬁnﬁs
not orly to the classes but to the sub-classes of the classification proposed
in Chapter I. It appears that the most expedient manner of classifying all
materials being used for the optical méthods of aralysis of states of stress
is to divide them into three groups: (1) elastic; (2) viscous; (3) plastic.

ii’ Such a division corresponds to the basic classes of the proposed classification.

37

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8



Declassified in Part - Sanitized opy Approved for Release @ 50-Yr 2014/06/18 ; CIA—RDP81—01043R00390024001—8

materials which either completely or to a large extent simulate the proper-

ties of metals and alloys.

The materimls utilized in the photoplastic method must also have the

following distinctive characteristics in addition to such properties as &

high optical semsitivity and transparency:
1. Plasticity. Resistance of such materials to shear must depend upon
the degree of deformaticn and be independent of its rate. In the process of

- plastic defosrmation there must occur a change in structure and propsrtiss.

<t
[

We must be able to vary fhe grain size &nd © he proper structure in
the material by combining deformation and thermal treatment.

2. Absence of an initial double refraction. Vhen double refraction is
present, we must be able to select such thermal treatment as will assure
complete removal of residual stresses or reduce thenm to an acceptable magnitude.

3. ‘Similarity of rheological curves to the corresponding curves of tﬁe
material in the prototype. The material of the model must be capable of sim-

ﬂ!! ulating creep, elastic aftereffect and plastic flow.

4, Possibility cf obtaining transparent, optically sensitive alloys
with different structures.

S. The appeafancé during the process of deformation of residual stresses

of the first, second and third kind.

3. Claséification of Materials,

In view of the fact that the materials being utilized for the method of
photéplasticity have been studied relatively little, it is not possible at the
present time to enumerate the materials whose rheological behavior cofresponds

k ) - not only to the classes but to the sub-classes of the classification proposed
in Chapter I. It appears that the most expedient manner of classifying all
materials being used for the optical zethods of analysis of states of stress
is to divide them into three groups: (1) elastic; (2) viscous; (3) plastic.

4'E Suech & division corresponds to the basic classes of the proposed classification.
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Among the materials to be enumerated in the first group we must list

glass, celluloid, bakelite, phenolite, trolonmn, viskhomlit, plexiglass; gels

and others; in the second group we find synthetic and natural resins; in the

S—s——— S ]

silver, thallium ard their alloys ("trans-

——

parent metals')., Certain materlals which we have enumera:ed in one group may
- be successfully utlllzed for solving problems which spacAf‘cally apply to

another group. Thus, there are 2ata which indicate the rossibility of uti-

s 5 I DA

lizing elastic materlals -~ celluloid L;é, and plexiglass -- for the study of
a state of stress accompanled oy plast;c deformatxon. In testing these ma-
terials at high temperatures, it is possible to simulate in models processes
inwnlving viscous flow.

Ve shall give a brief characteristic of the basic prorerties of elastic,
viscous and plastic materials used in the photoelastic and thotoplastic
procedures. »

Glass. ‘Glass satisfies the majoriiy of the requirements for materialis
ﬁséd in the method of phctaélasticity. This serves as the basis for its
application- as the very first mAterial for solution of practicél problems.

Glass is the most transparent materiali, it has a nigh modulus of elas-

’eity, i » otropic, insensitive to temperature variations, free
of creep and- is comparatively inexpensive. However, it has not receivei‘any
wide appi‘caﬁioﬁ in thé‘photeelastic method of analysis in view of its low
opticnl gsensitivity and the difficulties invoived in its fasrication. Cne of
its basic shortcomings is the formation of nonhomogeneous and anisotropic
structure when models are prepared from glass by casting process. The prepa~
rﬁticn of cdﬁplex models from secarate glass prisms by cezenting involves
cénsideiable expenditure of money.

Celluloid. This material is an organic substance@?éHNBOll), which is

obtained from a solution of nitrocellulose iu a mixture of alcohol and ether

It is sufficiently transparent
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4 and isotropic. Its optical semsitivity is greater than that ;t glass by a
jb factor of five. The Sasic advantage of celluloid is its good cementability
by means of acetone, butyl acetate, and éthyl acetate., This permits us to
prepare from this material complex models of la:ge dimensions. The properties
+a

of celluloid improve and become stabilized with time. After being aged for a

period of several years, it has a very slight creep.

The transparency of celluloid decreases considerably as the thickness

-~

of the plate increases. The iranspsrency decrenses still further after it is

exposed to ultraviolet light. Celluloid has comparatively low mechanical
afrength. |

The stress-strain diagram of celluloid in tension shows Zij7 that it is
£ stres-

)
A -
: capable qf producing small elastic-plastic deformations in the range ©
l : ‘ses of 200-500 kg/cmz. At the same time, the difference in the optical paths
| 7 iz proportional to the stresses beyond the elastic limit approximately up to
) 500 kg/cma. This permits us to utilize celluioid for the studyﬂof stresses
fj’ At elastie-‘laétic dsformations. .
‘ ‘Bakelite. (BT-61-893); This material is & phenol-formaldehyde plasiic;
bakelite also satisfies the majoriﬁy of the basic requirements specified fox
- the materials used in the photoelastic method. | |
- Bakelite is transparent and colorless, is sufficiently hard and is not
excessively brittle; this pgrmits us to machine it with_ordinary tools with-
out difficulties. Peing isotropic, it shows a linear relationship between
gtresses and strains up to 420 kg/cm2 and a linear relationship between the
stresses and fringe order up to 500 kg/cm2 Zig7. Bakelite has considerable
tensile strength. Its properties at room témperature are practically constant.
Its high optical sensitivity permits us to obtain a high order of iringes, thus
increasing considerably the precision of the exyeriments.
Bakelite is a two-phase system whose components have different melting

points 127. A change of temperature within the limits of 15-3000 practicell
3
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‘load. The relationships between stresses and deformations, and between

 tion of the liquid component phase which leads to "freezing" of‘the deforma-

"stage, & resinm is obtained by condemsation of phenol with formaldehyde in the

RDP81-01043R
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has no effect upon the fringe value (sensitivity), its modulus of elasticity
and Poisson's ratio. At temperatures of 60 to 110°%C the fringe value and the
modulus of elasticity decrease rapidly. At a temperaturé of apyroximately
110%C the change .in the properties of bakelite practically ceases. At high
temperatures it is a completely elastic material since the optical effect and

the deformations caused by the load disappear completely upon removal of the

‘stresses and the order of the fringes are linear. At room temperature, the

material is hard and its deformations are elastic. As the temperature is

ailure by flow (viscous) which corresponds to its

-y

inecreased., thare occurs a
transition to a liquid state. As the temperature is changed, the load is
gradually transferred tc a solid grid. The value of 7; decreases sharply.
This process coatinues up to a temperature of 1100.

As the heated and deformed bakelite is cooled, there occurs solidifica- )

tions of ite primary grid. This prevents the disappearance of the grid as
the load is removed. The fringes of the "frozen® rattern coincide completely
with the configuraéibu of the fringes obtained at room temperature. Im 211

& B - Py W 3 = = [ Y

er respscis the bekelite behaves just as the material of the type known

a8 vigkhomlit.

Material IM-4h (Type of Viskhomlit). An optically sensitive material
designated as IM=-l4 prepared in the Institute of Machine Design, Academy of
Séiences_USSR, satisfieas the majority of the requirements specified for ma=
terials used in the photoelastic method.

Preparation of the material is carried out in three stages. In the first

presence of oxalic acid as a catylyst; in the second stage the alcohol in the
lacquer obtained during the condensation is evaporated and the material is

cagt into molds;.in the third stage polymerization of the product occurs as

4o
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the temperature is increased ZiE?.
The product obtained after evapofatioﬁ is qﬁite Plastic and soluble
(reéin of stage A). In the polymerization process the resin is transformed
iuté the final state (into an insoluble and nonfusible resin of stage C).
Its structure consists of an insoluble three-dimensional grid filled with a
soluble and fusible product, Arrangeﬁent of the molecules of the nonfusible
three-dimensional frame is random end is not subject to any crystellographic
law, Theretore, the material is isctropic inm all its Properties. The mechsa-
nical and optical properties of viskhomlit depend upon tie pﬁrity of the raw
materials, the degree and metyod of polymerization, and the temperature and
duration of material under load. At temperatures up to 5o°c the phenol-

de piastic remains an elastic material 4527, in the range of tem-

£

: o . . 3 s s :
reratures of 50-110C the material is elastic-viscous, and at temperatures

from 80-110° to 180°% (depending upon the grade) it remains an elastic ma-
iérial while its p-ape%ties are but slightly sensitive to changes in tempera-
ture. At room temperature we cbserve-é mechanical and optical creep, but
their values can be decreased if the measurerments are made iO-lB miznutes
after the model is loaded (within the limits of porportionality).

The material IM7## finds successful applicaticz in the study of stresseﬁ
in three-dimensional models. If the model is loaded at a temperature of
80-110°C and is then cooled to room temperature, the fringe pattern obtained
under load is Pfrqzen." Then the model may be cut into any number 6! parts
while the optical pattern obsefved under load ié rot destroyed. The differ-
ence in the optical paths at a given point of the model being deformed is
proportional to the maximum shearing stress,

The material IM-i44 has certain residual stresses and consequently a
certain degree of double refraction imrediately after being formed. This is

caused by nonuniform shrinkage of the material during its polymerization.

In addition to internal stresses distributed throughout its volume, there is

43
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. produced along the contours a special layer with a considerable degree of
double refractivity. The appearance of the edge effect is explained by
physicalfchemical processes (pfimarily by evaporation or absorption of
moisture). The aging of this material over a period of several years im=-
proves its quality. The magnitude of the edge effect.increases with time.
The sign of the internal stresses caused by the edge effect depends upon the
method of the preliminary ﬁachining of the material,

Material_of type -4k has characteristics which are equal to those of

bakelite of grade BT-61-893, which is widely used in the United States for

Table 1

Indexes IM=-itis Eakelite'BT-bleS93

o]

o

b ‘3{\0
ay cwv

]
L}

v
(o)
o
b=
[e]

- ]
aL i

2

Fringe value‘T; in kg/cm2 6.0 0.9 7.7 0.286

v Moduius of elasticity E in - | g
longitudinal direction z ! 3
in kg/cm< _ 40-42.10° - 200 43,2.10 86

%

Poisson's ratio 0.37 0.42 - 0.365

) 0
Proportion limitci . 500. ‘ 10 L2 11.
in kg/cmsl '

I ' . the photoelastic method. This can be seen from data given imn Table 1 [Ig7.

Tensile stseng’ch dv
in kg/cnm ,

, 1300 25 | 1200 28.2-31,6

Organic Glass (plexiglass). This material is a plasticized polymer‘of
methyl ether of metacryllic aciad [I§7. It is the most transparent plastic
of all. An increase in the model thickness does not appreciably reduce its
transparency. Ultraviclet light has no effect on the transparency of the
‘organic glass for practical purpsses. Plexiglass is low in optical sensi-
tivity. In order tc obtain isochromatic lines of several orders it is neces-

sary to apply considerable force. It has a desirable property of being able

dﬁ to deform plastically. todels of large dimensions may be prepared from this
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material by cutting from a whole piece or by cementing separate parts,

Ce= - v

& Plexiglass can be used to measure distrib: ution of stresses at elevated tem-~

peratures (up to 1200), whereupon its optical sensitivity increases consider~

ably.

Gelatin-Glycerine Optically Sensitive Material. This material is pre-

rared from photo-gelatin (with molecular weight of the order of 900), glyce- .
alcohol, sodium chloride, and i}—n;phthol...The gelatin-gliycerine
material is transparent, has a very high coefficient of optical sensitivity
(several hundred times as large as that of viskhomlit and bakelite). This

makes it applicable in studying stresses caused by three~dimensional forces.

Sensitivity of the material de de in man

+

L8 ©On vine concentra-

tion of photo-gelatin, concentration of glycerine, salt and temperature.

Being elastic and weak, the gelatin-glycerine material (after‘being
formed) is destroyed under‘appreqiable load. However, if it is aged for a
long period at room temperature or if it is subjected to a lengthy steam
bath, it becomes more dense, stronger and sllghtly darker, thus losing some
of its optlcal sensitivity. However, after such treatmen nt, the materlal
becones su;table both for a short-term as well as a sustained test and it is
‘able to resist cons;derable loads.

In a short~term load test, gelatin-glycerine models undergo only elastic
deformations. The pattern of isochromatic liﬁes oﬁserved under load vanishes
immediately upon removal of the load. In the case of a load maintained for
long time (of the order of several days), plastic deformation is observed
and the model changes its form permanently.,

Figure 12 shows three stages of flow of a model from o container under
a sustained load test. Thotograph a indicates the form and dimensions of the

model prior to the test: b shows the beginning of an irreversible change

o
(=

form; ¢ shows the form of the model after flow of a considerable amount of

material through a die. After the model was removed from the container, its

43

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8

dimensions changed somewhat due to the removal of the elastic component of deformation,

out the residual stresses remained in the material,

¥

The character of distribution of the isochromatics and their order in the model
under test may be seen in Figure 13, which was obtained by illuminating with circular-
1y polarized light (see insert between pages 46-47), This pattern remained in the

model over a considerable period of time (more than three years).

Figure 12, Flow of gelatin-glycerine material from a container: a--model
before test; be-beginning of an irreversible change in form; c--model
after a sustained test, '
Figure 14 shows photcgraphs obtained with such a model after a certain'period.
Comparison of Figures 13 and 1% a shows that no significant changes in the isochro-

matic pattern have occurrsd, Figure 14 b shows a photograph made after the model was

(5

sochromatics were

[sd

cut into two parts along the axis of flew., As can be seen, the

preserved in the two separate parts of the model. This shows that there develons

in the model during the process of plastic deformation a texture indicated by the
double refraction shown in the photograph.
Figure 15 shows a color photograph which indleates the disposition of the isc-

£1at container

x

chromatics and their order in the model deformed by settlement in
(see insert between pages 46-47).

Thus, when we use gelatin-glycsrine material prepared in the indicated manner,

Hy

we can study the character of the distribution of the residual stresses in models

subjected to finite plastic deformations.

Lh

2 rl’:
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n a specimen of gelatin—glycerine ma -
e the model was
f flow.

Figure 14. An isochromatic pattern 1
terial obtained three years after deformation: a == befor
cut; b -- after the model was cut into two parts along the axis ©

Resins. Rosin (a mixture of resinous acids) in its solid state possesses

optical gensitivity. The rosin acquires different colors and degrees of trans~-
parency depending upon the degree of oxidation of itis COmPONSH

yield lighter

sinous acids which are oxidized to lesser extent (020H3002)

grades of rosin. The latter are most suitable for preparation of plastic
optically sensitive materials. Since the rosin itself is very brittle, it

cannot be used for the photoelastic method, and certainly not the photo-

plastic method. However, by plasticizing we can obtain from the hard rosin

s .
his material

In order to plasticize

<t

materials of the required properties. s

we can use various mineral and vegetable 0ilsj however, some of them when
mixed with the rosin do not yield materials of the requirsd properties. Ve
must use as a plasticizer such oils as when mixed with the rosin yield a

material which resiste oxidation.

In order to obtain an optically sensitive, transparent plastic matsrial

uirements specified for materials to be used in the

photoplastic method, it is best to use & rosin of high grade and & pure rosin

distilling rosin of

0il. A rosin oil of the highest fraction is obtained by

light grades under vacuum (distilling temperature BOOOC, preasure 5 mm Hg) .

" A mixture of rosin with rosin o0il* in certain proportions yields & material

y of Technical Catalysis and

* The rosin oil was obtained in the Laborator
Cimatirn. Academv of Sciences BSSR

45
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of different hardness and plasticity. In m;xing rosin and rosin oil in the
ratios of 2:1 and 3:1 we obtain a very plasfic material in which the pattern
-of isochromatics under load is preserved only a 'very short time. 1In this

case it is difficult to fix the pattern of isccaromatics and isoclinics which
accompany the process Qf plastic deformation. 2y mixing the components in the
- ratios of 5:1 iﬁd 6:1 we obtain_a hard elastic material in which the iso-

chromatic pattern due to loading is preserved for a considerable length of

v

time. However, models prepared from such a naterial are likely to be destroyed

even for relatively swall deformations.

he mixture most suitable for the method of photoplasticity proved to bhe

one consisting of four parts of rosin and ome part of rosin oil. The material

tion. .It proved to be possible to remelt the material repeatedly without any
appreciable loss of transparency (darkening). In order té guard against pos-~
sible contamination during the repéated use of the same batch of material it
may be filtered through gauze in a molten state. Cur experiments were conducted
in the main with material of this composition, -

The optical aeﬁsitivity of the resin described is quite high. The experi-

O . T3

mentally determined fringe value for this material at a stabilized process of

flow for the yellow line of mercury

and a temperature of 20°C is To =

2.20 + 0.015 kg/em. For a sufficiently

r TS . small dimensicn of the monochromatic
£ [y ] _éa £ w
. % 0f 0il in mixture| source of light and well regulated

Figure 16. variation cf the index of optical apraratus and the use of a
refraction of the rosin mixed with

rosin o0il with the o0il content. light filter, it is possible to obtain
in the photograph up to 40 fringes (Figure 46c).

Tests of the resin at varioﬁs temperatures show that its sensitivity

L6
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Figure 2. Colored fringe pattern obtalned:
a) with resin; b) with gelatin-glycerine material.

Figure 13. Isochromatics retained by the model of
gelatine-glycerine materlal after test.
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Figurs 15. Isochromatics retained by the model of
gelatine-glycerine material after a compressive test.

Figure 17. Isochromatic pattern observed during the flow of
rosin=butadiens hydrocarbon dioxide mixture.

5
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The sensitivity of the material changes also
witkthe proportions of its components. The smaller the amount of resin in
the mixture, the greatervthe sensitivity. The index of refractionm varies with
the composition linearly (Figure 16).

Physical tests of cylindrical specimens (d = 10 mm, h = 14 mm) of the
resin of indicated composition show that the static deformatipﬂ at various
speeds of the testing machine (10, 20, 40 end 80 mm/min) indicates, as might
be expected, that the material has no defined flow limit. The rate of flow
of the resin, And consequently the rate of ;ts deformation at room terperature
within Qide limits (from 1.19 to 33.? kg/cm?) is proportional to the shearing
stress. The relationship between the coefficient of internal frictiomn and the
temperature for‘a temperature range of 12 to 27°C is shown in Table 2. TYor a
temperafure change of 160 the viscésity of the resin de
by a factor of 1l.4. )

When we study the process of plastic deformation by means 6f resin models,
we mustrkeep in mind the possibilify of large reduction of viscosity at points
of stress concentration associated with temperature rise. This c'reu:atance

may lead to a redistribution of stresses in the model under teste.

Table

X

12 : 18 24 27

i

|
i 355 2 » 81 _ _ 8.1 3.45

deforration of solid bodies uander ¢ tions ©

Dicxide of Butadiene Hydrocarbon (CZOE

oxidizing hvdrocarbon C.__H in vacuum
e o 20 22 *

color. The higher the fraction of the raterial, tne denser the dioxide, Yhen

*  Obtained in the Laboratory for Orgaric Chemistry of the Acedeny of Sciences
of BSSR.

7

Declassified in Part - Sanitized Co 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8

mixed with a resin it yields a transparent optically sensitive material of

varying plasticity (dependirg upon the proportions of the components).

The most suitable material was obtained from a mixture of rosin and the
dioxide fraction obtained at a temperature of 204-218°C and a pressure of 1.5
mn Hg for a component ratio of 1:2. This material is transparent and has a
iight—fellow color. The isochromatic pattern has bright and vivid colors
(see insert, Figure 17)’. Fer largé rates of loadiné the material is destroyed, :
while for low rates it deforms plastically. It permits repeated use by re-
melting without exceeding the temperature cf the melting pointi. When this
temperature is exceeded the matgrial graduvally darkens and loses its trans-
parency, thus becoming unsuitable for further work. ;

. E Y [ —

The mixture of dioxide of b

<]
o
f
flu
-t
[4]
o
(1]}

grades yields isochromatics of high orders.

Abjietinic acid (02035002)‘.’ This material is a c¢rystalline substance of
monoclinic structure obtained by isomerization of primary resin acids. It

) has a melting point of 172-173°C. In its molten state it is transparent;

after cooling this material becomes amorphous and after a certain liength of

+ tmananaransyr
- wI2n2paerency-

¥y
L]

-
3 Y anoas
RiZu AaULY

Abijetinic acid mixed with rosin oil in the ratio of 3:1 yields a material

of light-yellow color of high optical sensitivity. The isochromatic pattern

is bright but disappears rapidly, and the colors are vivid. For a component

ratio of 4:1 we obtairn a material which has the properties indicated above,

[

is plastic, and retains its isochromatic pattern for a long time. When the
1 is loaded until a fringe of the tenth order is cbtained, the fringe

unstable material, abietinjic acid oxidizes rapidly when heated (for repeated

melts), darkens and becomes unsuitable for further use. In view of this,

repeated use of this material is quite limited.

. * Obtained in the Laboratory of Chemistry of Forest Froducts, Academy of
Sciences, BSSR.

LQ
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Canadian Ealsam. Wwhen this material is efaporated to an almost solid

state, it is adequately transparent, plastic and optically sensitive. When

models made of this material are deformed, we observe bright and vivid iso-

chromatics. Canadian balsam may be used repeatedly upon being remelted.
¢ 159

Silver-Fir Balsam. In the solid state this material possesses optical

sensitivity. In order to make this pmaterial piastic {viscous) it must be
boiled with'xylol {or some other sclvent). Varying the gquantities of the
components; we can obtain materials of various plasticity and transparency.
When models made of such a material are deformed they produce bright and vivid

isochromatics. This material permits repeated melts without any noticeable

loss of transparencye.
Materials obtained with Canadian or silver-fir balsam as a base possess
nigh optical sensitivity, plasticity and other required properties, but they
adhe:e tenaciously to instruments. Besides that, they are quite expensive
and in short supplye. |

Chloric Silver. This material has a crystalline structure /4/. Its

crystals have a simple cubic grid qf the type of KaCl #nd have a period

a = 5.54 kx. By combining,mechanica1>and thernal treatments of a casting, it
is poésible to obtain transparent and almost colorless specimens of any di-
mension and form. The volume of the specimen (casting) under a given set cfr

conditions may be filled with a single or several grains, while under another

grains may have different dimensions, form and orientation in one and the same

casting, just as is the case with ordinar& metals and alloys. ile may obtain

textured specimens and also specimens with an almost homogeneous grain struc-

ture, with grains of uniform size. Specimens of chloric silver may have the

structure of cast products, recrystallized metal, etc. In order to obtain the
‘. required structure, we utilize ordinary methods of treatment of metal.

Haloid salts of silver and thallium have mechanical precperties at room

i set of conditions it may contain hundreds and even millions of grains. The

49
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temperature which are quite different from the

[
2]
=9
(5

nary properties of the
component masses of salts and minerals. The mechanical properties of chloric
silver are such that it can be truly called “transparent metal." It can be

treated at room temperature by all

i i ¢ T i v
SRS N
the types of treatment applicable to i 7 | L
‘ I ; T
|
metals. Chloric silver may be forged, % L -
2 1 // i
e —+=
rolled, stamped, pressed, etc, At L]
[
] — L
" room temperature it is approximately i ;
' | [ 1 ah
ten times weaker than copper; like azs @ ho

lead, it may be scratched by nail, Figure 18. Curve of true stresses ob-

tained for a static compression of spe-
cimens of chloric silver.

it can be easily  fiexed by hand, and
it has a metallic ring. The mechanical rropertiss of chloric silver both by
itself and in alloyed form, depend upon the magnitude of deformaticn. In the

process of plastic deformation it becomes less plastic. In this respect,

shloric silver shows its ability to be strengthened by cold working at room

The test by the method of indentation with & eone shows that the hard-
ness of chloric silver increases considerably after it is deformed. Speci-
mens which are compressed 75% havé their hardness'increased approximately by
a factog of 1.75 compared with undeformed séecimens~ Thus, if the hardness
of the undeformed specimens is 10.5 kg/cma, specimens compressed 60 and 75%
have hardness values of 156.2 and 18.5 kg/cm2 respectively.

Curves of the true siresses_obtained from the diagrams of static conm-

pression for specimens of chloric silver having a cylimdrical form (8 mm in

diameter and 12 mm long) prepared from a casting which had previously been

deformed 60% in compression and then heat treated for 5 c¢ycles of 5 hours

e +=n~0n R s ea . - i
each at a temperature of 150 C, are quite similar to analogous curves for a

"cold worked'" metal. The curve of true stresses for the indicated case is

shown in Figure 18.

N
<
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The thermal treatment of cold worked specimens of chloric silver brings

about the'rémoval of stresses, which may be either relaxation or complete

recrystallization depending upon the temperature of the heat treatment. A&g
2 result of thermal treatment the cold worked SPecimen is returned to its

initial soft and plastic state as may be seen in Figure 19. For purpose of

comparison there are given in Figure 20 stress-strain diagrams of polycrys-

talline specimens of copper.

The character of the flow of chloric silver and also the nature of frac-

tured and compressed specimens are similar to the corresponding phenomena

observed for metals. Fracture occurs with a formation of a necked-down

section. For heat treated specimens the fractured section degenerates into

a point (Figure 21). The entire length of the specimen participetes in

that we chserve the formation of the surface of fracture.

to & high degree do not show any symptoms of fracture (Figure 22).

e T ’
} 60" )\ ' 2
X 1 T 4D
x ‘ kt
< 30 4 v
W | o I
3 ' [ o
s o s o3
! i 5 0 =
] L3 » T ot _A
Ex“) 1 § A
] QU o 4
x S ]
' = [
o w220 30 .
0 1w 20 3w 40 30
i h!/c?nuue:mg &2 i N Yanunenve 8
Figure 19. Stress<strain diagrams of Figure 20. Stress-strain diagrams of
polycrystalline specimens of chloric polycrystalline specimens of copper
silver in tension: 1 -- heat treated; in tension: 1 -- heat treated; 2 -=
2 -- cold worked (from A2 V. Stepanov) _ cold worked (from Muller).
Legend: a) stress in kg/mn< Legend:

same as Figure 19
b) elongation in %

Crystals of chloric silver being in the cubic system sre ontically iso-
tropic. If a specimen of this pmaterial is subjected to external mechanical

forces, it becomes doubly refractive. A characteristic peculiarity of the

51
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piezo-optical propertiea of chloric silver is its high optical sensitivity.

. That places it among the best contemporary substances having high optical

sensitivities (viskhomlit, bakelite, resin).

Figure 21. A specimen of chloric Figure 22. A cylindrical specimen of
silver tested in tension (from A. V. chloric silver compressed 60%.
Stepanov).

ﬁp to certain small values of loads chleris silwer behaves as elastic

material. Fer largsr loads the material develops permanent double refractivity.
Y This indicates that plastic deformation brings aboui residual stresses in this
v material. In a deformed spscimen of chloric silver cne can observe residual

stresses of the first, second and third types. Residual stresses brought

about as a result of plestic deformation may be removed by means of special

heat treatment,

Optically sensitive chloric silver has high pilezo-optical coefficients
which are of the same order of magnitude as for viskhomlit and bakelite. The
transparency of chloric silver is reduced considerably under the action of
light. However, this is not a sericus obstacle in working with this material.

- The process of decomposition of this material is not very intensive., Appli-

cation of lighy filters which block the short-wave portion of the spectrum

reduces considerably the decomposition of chloriec silver in light.

A very desirable property of chioric silver is its ability to regenerate

’ and ite ability ¢¢ be ussd several times over for experimental work.

4, Effect of the Nature of the Material Being Deformed on the Character of

T e e

wn
3
]
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Stress Distribution.

¢

Study of the effect of the nature (structure) of materials and their
mechanical properties on the stress distributions of a deformed body or a
body undergoing deformation is one of the basic pfoblems of the method of
Photoplasticity. Depending on whether the material is amorphous or crystal-
line; the model undergoing deformation under siven conditions {type of load~
ing, geometry of the model and type of instrument) will Yield a completely

definite picturs of the distribution of stresses.

The process of plastic deformation is accompanied by formation of re-

sidual stresses. In homogeneous bodies one can observe only residual stresses
of the firét type, while in crystalliine bodies residual stresses of first,
second and third type may be observed. Thus, the distributions of stress in
crystalline and amorphous bodies subjected to identical conditions of defor=
mnation differ in this essential respect.

In order to confirm the stated postulate we shall compare frirge patterns
observed for a load of the same iype in models prepared from elastic, vis-
cous, and plastic material,

For the purpose of comparative tests the authors utilized a flat rodel

3

loaded with a die., Figures 23, 24 and 2

\n

show the fringe pattern in the
entire field of moaels loaded approximately to the same extent.

In the case 6f elastic material the fringes are continuous and form
circles which touch the corners of the die. This confirms the well-known
vostulate that for the loading under consideraticn fringes are circular and
pass through the edges of the die. - As the load was rerioved, the frirnge pat-
tern accompanying the load was coﬁpletely removed,

In the case of viscous material the fringes are continuous and well

defined. They form ovals elongated in the direction of movemen: of tre die.
As the model is unloaded, the frirges persist for a long time, and gradually

disappear. The fact that these lines are continuous indicates that the
PP

53
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Figure 23. Fringes observed upon de- Figure 24, TFringes observed upon de-
forming a viscous material (resin). forming an elastic material (viskhomlit).
residual stresses being observed are

of the first type. Figures 26 and 27a
show fringe patterns immediately after
models of various dimensions are com=-

pletely unloaded. Figure 27b shows

the fringes several minutes after the
Figure 25. TFringes observed upon de~ model is unloaded, the model corres-
forming of a plastic polycrystalline
material with a fine grain structure ponding to Figure 27a.
(chloric silver).

In the case of polycrystalline
material with a sufficiently fine grain structure we note considerable dis-

tortion of the fringes even in the first stages of finite plastic deformation.
’However, even in this case the fringes have an oval shape. As the model is
loaded, the order of the fringes increases (Figure 116). After the model is
unloaded, a portiom of the fringes corresponding to elastic¢ deformation dis-

appears immediately. However, it retains fringes of a certain order. The

fringe pattern retained by the model corresponds to the residual stresses of

’_J

the first, second, and third type. 1In Figure 117 we may consider the two
well defined fringes in the right hand side of the mcdel as being caused by
" residual stresses cof the first type. In the remaining portion of the model,

the fringes are considerably distorted and do not give us any clear picture

54
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of the orderly distribution of residual stresses. These stresses are in
] essence residual stresses of the second and third type in this portion of
the model,

Figure 10Ob which shows the fringe
pattern obtained with a model of con-~
siderable dimensions made of plastic
polycrystalline material with a

coarse structure (1-2 mm) is even

more characteristic in this respect.
In this view it is impossible to see Figure 26, Fringe pattern retained by

a model of resin after remcval of the
any well defined continuous fringes. load.

Each grain behaves in a distinct manner, Yielding its own individual pattern

£

[}
n

tresgs 4di

| _ , . .
grains in polarized light. The individual properties and the different dis-
® position of the discrete grains give their own optical pattern, departing
from the orderly fringe pattern which we would have obtained in the presence
of residual stresses of tiae first type only. In the given case the residual
stresses of the second and third type are larger in magnitude than the resi=~

dual stresses of tue first type. Here we are dealing with a structural iso-

chromatic picture,

Figure 27. Fringe patterns obsesved in models of resin: a =-- immediately
after removal of load; b -~ several minutes after removal of load,

ﬂg For a fine and homogeneous grain structure the distorting influence of

the residual stresses of the second and third type is not as str ongly indicated

wn
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and in this instance one can observe a certain orderliness in the fringe

ttern which shows the distribution of forces throughout the

pattern -- a pa

volume of the deformed model.
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CHAPTER III

SPECIAL FEATURuLS OF EXPERIMENTAL TECHNIQUE

ation and Apparatus.

Optical installatione for the photoplastic method as distinct from those

used in a photoelastic method must have primarily devices for assuring con-

stant rates of loading over & broad range of loads and rates. Therefore,
allations must have a mechanical device meeting uirement

and they must have & recorder for recording the load-deformation curves.

Such an apparatus was installed in the FTI and AN BSSR‘Z§§7.

Its goaoral

view is shown in Figure 28.

Qr Figure 28. Optical installation of the Physical-Technical Institute of AN

BSSR.

-
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The optical installation consists of an optical and loading portion.

~
i Th rrangement of the optical portion does not differ in principle from the
ordinary apparatus applied in the photoelastic method (Figure 29).

i
1

P
%
wy— X
=
.
[y
o<

art of the installation: 1 == source of

4 -- model; 5 -- polaroids;j 6 -- objec~
7 - "quarter-wave" plates.

Figure 29. Diagram of the optical p

lights 2 == condenser; 3 -- filter;
tive;

e container with the model in the field of the

Figure 30. Position of th
optical installation.

In investigating various processes of plastic deformation, the model is

placed in the container between polaroids (Figure 30). Loading of the model

is achieved according to various schemes by the loading portion of the equip-

ment. The loading mechanism permits recording of loads from 100 g to 180 kg.

The necessity of obtaining an even application of load and very low rates of

jcading with highly optically sensitive plastic materials dictated the require-
d from 0.3

%’ ment that the range of speeds of the loading crosshead be maintaine

to 300 mm per pinute. The load being applied to the model is measured

Ui
o0

Declassified i - iti pp @
ed in Part - Sanitized Copy Approved for Release 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8




v o

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8

automatically by a lever-pendulum mechanism consisting of several levers, &

b pendulum indicator and a load scale. The record of "load deformation' is

obtained by a recording mechanisnm.

The study of tae procsseses of de-
formation under conditions of plane
strain is carried out in universal

devices -~ flat containers shown in

Figures 31 and 32.

In the container shown in Figure 31. Container in assembled form.

Figure 31, the openings in the front and rear walls are covered with quartz

plates 25 mm thick. The space between the plates contains steel inserts of

required form and thickness. The model under inves

the ingerts and is loaded by them.

The container shown in Figure 32 may be used for testing of models of

P various thicknesses. The portions of the container with the die opening are

made of steel plates of various thicknesses (Figure 33). Optically flat

plates of the required thickness are attached to the interior portions of the

The width

container by means of side bars of rectangular section and bolts.

of the working portion of the container (in which the model is placed) may

be adjusted by the width of the loading die.

5 Sy dangmn Bty
Figure 33. One of the interior plates of
the container shown in Figure 3c.

Figure 32, Container in assembled
form.

59
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For the study of the stamping process, stamps of the required form are
fabricated and placed in the containers.

In the first container (Figure 31) the diameter of the openinzs in the
front and rear walls is equal to &4 mm, which permits the testinz of 60x60x16
mm models; in the second, the diameter of the openings is 52 ﬁm, which permits
the tésting of 38x28x50 mm models. The construction of these devices permits
the casting of models directly intc the almost assembled contaiper. After
test, the containers are taken apart and tne models are reroved from them
without difficulty.

2e Fabrication and Machining of Models.

from the corresponding procedure used for the elastic metncd. The laboratory

£
i

t=h

r Amre o AWV s

]

or forming metal by pressure o
its own procedure for preparation of materials and preparations c¢f models of

resin.

In view of the fact that models of the required form and thnickness can-

not be cut or machined from a slab or piece of resin because cf its brittle-

+

ness and adhesion to the cutting tosls, the following procedure is used.
The mixture (consis£ing of the ccmponents taken in prorer proportions by

eight) is thoroughly stirred with a glass rod and after air bubbles are ex-

pelled, it is poured into molds made of synthetic rubber. Other materials
are not suitable for this purpose, since'the highly adhesive resin sticks to
them and it is impossible to strip the molds without spoiling tze model. The
molds have the dimensions and the form of the required model. The molten
resin is cast with some excess since as it cools the material sarcinks. ALfter
the model cools, the form or its parts are easily stripped frez the model
without disturbing it. The excess of the model thickness is reccoved by rub-

bing on a stretched strip of gauze witn applicetion of suitable alcohol. The

60
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alcohol dissolves the resin

several minutes to remove a

dimensions of the model are

quite easily and it is only necessary to expend
thickress of material of about 1 mm. The other

similarly adjusted by polishing

with alcohol. By means of this treatment, it is possible to prepare a

of any form and dirensicns.

The finished model is coated lightly with

transformer or vegetable ¢0il which increases its transparency.

The model prepared in this manner is placed in a container and is tested
or aged for the necessary length of time.

When imperfections in the fit of the model are noted, it is loaded
lace in order to obttain

lightly prior to the test. This is done in the first

o+
o]

intimate contact between the model and the various parts of the container a=nd

in so doing to eliminate imperfections on the model surface; in the second
vlace, this is done to remove from the field of the model those fine lines
which are due t.» the presence of droplets of lubricating oil. However, when
the model is loaded, stresses are induced in it. In order tc remove these

stresses, the model is scometimes unloaded, while in other cases 2-3 minutes

is initiated.
The method of preparation of models of resin described above is not the

1

only possible one. The model may be cast into the container which is alrmost

completely assembled. In order to do this, the molten resin is cast (taking
into account the thickness of the model ard tne excess needed to account for
shrinkage; directly into the mold formed by the walls of the instrumen:t ard
inserts of synthetic rubber. After tie model cools, it is polished until tre
reguired thickness is obtained on one surfa only (the front,. Then the

front part of the container or the face plate is placed, the parts are bolted

together and the model may be tested. Such a procedure eliminates the operati
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required to fit the dimensions and shape of tihe model to the container.

Models of Chloric Silver.

Optically semnsitive chloric silver is prepared in accordance with the

procedure develored by A. V. Stepanov 1327.

The powder of chloric silver is obtained from a 33-percent solution of
silver nitrate as a precipitate produced witan a l5-percent solution of sodium
chloride. In order o obtain the precipitate tnre component materials must be
chemically pure. Zefore fhe solutions are mixed, they are heated to a tem-
perature of 60°. Inis accelerates the coagulation of the particles of chlo-
ric silver.

' After tae precipitate‘is obtained from the reaction which is accompanied
by a vigorous stirring.of the solutions, the mixture is permitted to stand
for 8-12 hours to ‘permit the sedimentation of tae flakes of the precipitated
chloric.silver. After this, half.of the portion of tane clear solution which
is abovg the chloric silver at the bottom of the vessel, is siphoned out and
is replaced by pure distilled water. During the following washings and de-
cantations tne precipitate of chloric silver is separated from the soluble
products of the reaction. In practice this operation is repeated 14-18

times. This assures the presence in tane final solution of soluble products

After washing, the powder of chloric silver is dried at a thermecstatical-
1y controlléd temperature of 60-80°C. 1In this process of drying, the powder
becomes finer.

The entire process of preparation of the product (AgCl) is carried out
in a &ark—red light.
| In order to cobtain a transparent opt;cally sensitive material it is
necessary to zelt the powder of chloric silver (melting temperature 457.50),
and having cast tne material into a crucible of thin glass it must be slowly

coocled. However, the material obtained deconposes rapidly and darkens (in
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! in an amount not exceedipg 1/16,000 - 1/250,000 parts of the initial amount.
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view of liberation of metallic¢ silver). The darkened chloric siliver is

In order to do this,

restored to transparerncy by refinement with chlorine.

|
dry chlorine obtained during the reaction of potassium rermanganate with !

hydrochloric acid is passed through the melt at a texmperature of 500-525°=

The refinement takes from 10-30 minutes depending uvon tze degree of darken-

=

ner
14323

of the material. The transparent chloric silver with an o0ily sheen ob-
tained after this process may now be utilized im the investigation.

However, there are still certain impurities in the chloric silver thus
ocbtained which may cause the raterial to decompose raridiy while exrvosed to
light during the test. The removal of these impurities is carried out by
neans of crystallization. As the result of formatidn cof a crystalline grid
during the slow cooling of the molten chloric silver, all the foreign bodies
and metallic silver are displaced to the end of the casting and may be removed

3

el is machined. This is achieved by virtue of the fact that the I
|
i

|
|
|
|
i
|
|
i

o

when t

iy

e mo
cooling of the melt proceeds from ome end and the boundary between solid and

liquid chloric silver slcwly moves from the lower part of tne crucible to

the upper portion of the casting and form a dark layer at the top.

After the melt of~éhloric silver is refined, it is cast in a cruciSie
of molybdenum glass and is then placed in a vertical crystallizer. In order
to obtain a completely tramnsparent casting without any defects it is neces-

sary to obtain certain conditions in the crystallizer furrace., After the

crucible with the molten xzaterial is raintainec for a certain length of time

ot

in the upper part of tze furnace of the crystallizer at a temperature not

. o . . N T aa . .. . -
exceeding 5257, a device is started whicih moves the crucivle downward at a
speed of 1-6 cm/hour. The fineness of the grain siructure will depend uron
tne rate of movemernt of the crucidle. Zegi

nning witsn the lcuwer end, the

SRR S O

"\ crucible passes through a ring diaphragm (furnace) in wu h the temperature

4+

is maintained within the limits of 495—50000 and tse melt begins to crystallize.

i!
H the ‘top. During this process, the impurities are gradually displaced into
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After ihe entire crucible passes through the ring diaphragm and the crucible
cools slowly at thne bottom part of the furnace of the crystallizer to a
temperature of 100-1200, the crucible with the casting is removed. Because
of the large difference in the coefficients of thermal expansion of chloric
silver (32.94 x 10_6) and_molybdenum glass (5.5 x 10-6), during cooling the
casting is in a céndifion corresponding to turee-dimensional ters<on. There=-
fore, in order to prevent cracking witain the casting, the walls of the cru-
cible are made so thin (0.2-0.3 mm) that the glass is destroyed by the com-

pressive stresses before the casting can be damaged by the tersile stresses.

y

05

ot

+ 4+
Trease

at a temperature of 360-370°C for

w
-
£

The cast must then b

H

1ea e
a period of 6 hours with a consequent slow cooling in the furnace during a
lengﬁhy period (10 hours).

Chloric silver is very weakiy soluvle in water and the majority of other
substances. In order to show the rmagnitude and boundaries of the srains, it
is necessary to etch the casting. For this purpose, one may use solutions of
ammoniac, hypcsulpnate or potassium cyanide, which are all good solverts of
chloric silver;

Various methods of mechanical and thermal treatment of the material are
used depending upon the function to be served by the modecls _repared from
Plastic cptically sensitive substances.

In order to obtain a fine and sufficiently homogeneous grain structure
upou recrystallization, it is necessary to realize a preliminary vlastic de-
formation of sufficiently high magnitude under conditions of absolute homo-
geneity. In this instance the thermal treatment must be carried out at low
temperatures. ‘hen such a procedure of mechanical and thermal treatrent is
used, we succeed in obtainingvspecimens with grains of the order of C.1-0.05 nm.

Specimens in the shape of discs (cylinders) about 24-30 mm high, are cut
from the casting obtained by crystallization of the melt and heat treatrent

at an elevated temperature. The height of the cylinders must not be greater
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' than twice tne diameter and the ends rmust be perpendicular to the axis. The
cylinders are compressed between flat polished plates of plexiglass or chrome
plated steel plates in a hydraulic press. As a lubricant one rmust use a pure
transformer oil, 1liquid vaseline, or grease. The degree of deformation is
from 90-92%, i.e., the cylinder with an initial height of 26 mm is transformed
intoc a plate with a thickness of 2.4-2.6 mm. The plates thus obtained are
polisnhed to the required dirmension after which models of required dimensions

are cut from the plates. Then finer polishing of the model surfaces is car-

o

ried out on frosted glass plates wit

3
v

abrasives of different fineness and a

I

solution of hyposulthate. The models are polished on felt, wool cloth, or
chamois and are then placed on flat and parallel thick glass plates to be
hest treated in a tiermostatically controlledéd furnace.

As was already shown, in order to obtain a sufficiently fine grain
structure, the temperature for the heat treatment must not be high. Thus,
for a deformation of 92-95% it must not exceed 100°C /187, while for a de-
formation of 90 percent it must not exceed 15000. Naturally, for a temrera-
ture of the heat treatment of 100°C tne time of the treatment must be rather
long (of the oréder of 10-12’hours); for 150°C it may be considerzbly reduced
to arrroximately 2-5 hours.

In order to cbtain a more uniforc érain structure it is necessary that
the coarser grains in the original casting be sufficiently uniform. 1If in
the origiﬁal struéture theré are sigrificant inhomogeneities, then the re-

crystallized grains will be quite ZIrhomogeneous. The large and fine grains

will te found side by side in the neat treated specimén. Therefore, if in
the orizinal casting there is present a significant inhorogenity of grairs,
it is reccmmenced that the casting Ee subjected to a preliminary treatment
consisting of compression of the crcer of 40-50 vercent with subseguert heat
- treatment. After such a preliminary treatment the material is subjected to

treatment indicated above.
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Adequate results are obtained in preparation of plates in the following !
- manner. The disk is compressed from 13 to 7.6 mm. In doing so, the defor- ‘
mation attains a value of 42 percent. After that the casting is heat treated
at a temperature of 170°C over a pericd of hAhours and is then compressed (o

2.2 mm, During this oreration the deformation attains a value of 71 percent.

The subsequent heat treatment is again performed at a temperature of 1'?0o
over a period of 3-4 hours. The models are prerared from the plate obtained
in this fashion. Figure 115 shows the isochromatic pattern obtained in a
model prepared in the indicated manner for the case where the load is applied
with a die 1 he isocuromatic lines are continuous. The model
behaves mechanically and optically as a continuous and‘homogeneous body.
During this process there cccurs an averaging process of thne optical pheno-
mena in the model of quasi-iscotropic fine grain structure, and the optical
isoclinic coincides with the elastic one. In view of the fact that the
averaged difference in optical paths varies continuously, tnere will be ob-
served a system of continuous isochromatics.

In models having a thickness of 2 mm, one of which is indicated in Figure

10b, there are approximately 20-40 grains in the zath of the polarized ray of

light. This number is sufficient to obtain in the field of view of the de-

formed model a system of continuous isochromatics and isoclinics.

The heat treatment of the models must be performed in air. It is still

-3

better tc use paraffin for this purpose by virtue of the greater heat capacity

4]

which facilitates the regulation of temperature in tae heat treatment,

The development of chloric silver of finely crystalline structure makes
it possible to cbtain a macro-pattern of the disctribution of stresses through-
out’ the volume of the specinen (model). Zowever, 1in order to solve a seriss
of problems, specimens with a coarser grain structure are needed. For exarmple,
in investigating certain fatigue properties specimens are needed in wniech in-

dividual grains occupy tne entire width and thickness cf the specimens. It
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becomes important to study the state of stress in individual grains and also

at the boundaries of the grains. For this purpose specimens are needed which

are prepared in such a menner that the path of the ray of light contains only

a single grain.

The procedure for preparation of polycrystalline specimens of chloric

silver (monocrystalliae in the direction of thickness) was developed by S. O.

Tzobkallo 4327 and zpplied by him in the study of the nature of fatigue fail-

ures by optical means. This method consisted of carrying out special proces-

ses of crystallization and mechanical and thermal treatments.

In order to obtain specimens monocrystalline in the direction of thick-

ness, the crystallization of chloric silver is carried out in a horizontal

crystallizer with an application of flat glass inserts. 1n this process we

obtained in this fashion have an uneven surface and must be ground and then

polished. The best results are obtained by recrystallization of strips of i

chloric .silver obtained by pressing. In strips having a cross-section of

1x10 mm pressed in a container having a diameter of 15 mm with a deformation

of 94 percent it is possivle to obtain grains having dimensions of 1.5-2.0 mm

by application of the high temperature heat treatment (34000) over a period of

24 hours. The graph in Figure 34 shows the relationship between the grain

size and the temyperature of recrysﬁallization.

In certain special cases (such as determination of piezo-optical constant)

it is necessary to have srecimens containing but a2 sincle grain both in direc-

[ad

ion of thickness and in the direction of the width. This may be achieved in

the followirg manner KEQ7. We start with a strip having a cross-section of

1x10 mm and a grain size of 1.5-2.0 mm obtained by rressing in a container.

=)

These strips, which receive 2 preliminar:

bod

cold workir-s yreocess by cornprescion

e
LS

o~

s or tension, which is worse) up to the critical deformation of 3 percent, are

obtain plates with elongated grains with a magnitude up to 20 mm. Crystals i
1!
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then heat treated in the following manner., The specimens are maintained in a I
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furnace for 2i4 hours at a temperature of 31000 after which the temperature
. is raised to 340°C over a long period of time (10 hours) and the specimens
are maintained at that temporature for 20 hours. Tnen the temperature is
raised to 360°C in a period of 4 hours and the specimens are maintained at
that tecperature for 2 hours. After such a treatment the specimens must be

slowly cooled. Such a procedure makes it possible to obtain specimens having

a grain thickness of 1 mm and a width of § mm. Ir Figure 35 there is shown
the reiztionship between grain size and the extent of deformation in com=
pressicn. .
T
L6
g
g
kd
4
' § 2 4] <
S _J—JM/
s L
3
& 0 20 300 &0
b remnepamypa PeKpUCMannL3aquU
‘ Figure 3&. Relationship between the grain size and tne temperature of re-
crystallization,
! a) Average grain size, mm.

b) Temperature of recrystallization.

By utilizing a very low rate of crystallization of molten chloric silver

o -
and other haloid salts c¢f thallium and
s "\ . e s . .
T ,I ! \ - their alloys, it is possible to obtain
3 + . o
& | \k nonocrystals of considerable dimensions.
a s ‘I { d -
2 t \ V. M. Krasnov and A. V. Stepanov
> .
32 L ' - -
R . | /21 and 22/ reported in their work the
L |
0 2 4 ] 8 m-. use of anisotropic plates of the alloy
Cmenens demoomauuu. ¢
b of bromic and iodic thallium (TiBr -~-
Figure 35. Relatiorsnip between the 60 percent, T1I -- 40 percent) having
grain size and the magnitude of plas~
tic deformation in compression. dimensicns of 3.28x%37.00x35 mm ir which
. a) Grain size, mm. they studied the state of stress under

b) Magnitude of deforuation, %.
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the action of a concentrated load. The plates were heat treated prior to the

test at a temperature of lSODC for a period of 6 hours. Following the heat

treatment, only slight residual stresses, which had no significant effect on
the results of the experiments, were observed. In the second case 1527 mono-~

crystalline plates of a fluoric casting having dimensions of 20.87%x22.55x3%.28

he AT dmddl bl A oS &
the stud}/ Ci ANLTI4avidn 01 I

mm and others were utilized for racture. In this

. s . . , o
instance the heat treatment was carried out at a temperature of 700°C over a

‘rom the salts of silver and thaliium
dimensions and polycrystalline naterials with a very fine grain structure.

) 3. Txperimental Technigue.

7 ]
= In order to obtain quantitative results by the photoplastic nethod it » l
i
is necessary to utilize models of considerable thickness; as will be shown i
i
below. An increase in the thickness of the model is associated with a series ;
of experimental difficnlties. The transparency Bf the model decreases notice- '
’ ably and the intensity of the transmitted polarized lignt is correspondingly
reduced. This leads to considerable increase in the exposure time in photo-
graphing the optical paﬁtérn. However, the more serious difficulties are
those related to the problem of obtaining a sharp ouflins of the model, which
is associated with the volumetric effect -- formation of shadows around the
contour of the model. .'hen the outline is poorly visible, the determination
of the true values of stress at the edges as well as at other points of the
model is considerably more difficult.
|

The shadows which are observed along the edges of the mocel are associ-

ated with improper exrerimental procedure: improper installation of the model

and poor machining of tre surfaces of the model arnd ar;aratus, failure to
r 4 secure a rectangular section and rounding of the edges (Figure 36).
69
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 However, the volumetric effect may also occur for other reasons. If the

“. model and the apparatus are well zachined and the model is correctly installed

on the optical bench but the optical

o

8 not assure parallel-

@

arrangement do

rays of lignt,

[= 7

ism of the polarize

then in investigating models of con- a 3 ;E*

siderable dimensions we observe sha- Figure 36. Causes of poor visibility
of the model edges: a =-- prorerly
dows along its edges (Figure 37;. machined but improperly installed model;
. b -- improperly machined edge surfacej
In the given case, the necessary con- ¢ -- rounding of edges during improper
polishing of the model.

ition for a sharp image cf tne edge
b of the model is that ‘the polarized rays of light in the working portion of

the iastallation must be rigorously parallel.

The indicated difficulties may be largely avoided by observing a number
of conditions.

‘!! \ 1.

intense luminosity, such as lamps SVD3h-250 and S5VDSh-1000, may be used.

Use of a point source of lignt of high intensity. Mercury lamps of

2. Use of highly transparent materials for preparation of the models.
For this purpose the models must 5e nmachined from originally very pure ma-

terials having a transparency of high order.

dge effect caused by lack of parallelism of the rays of polarized

=3
(i3

Figure 3%7.
g 2%

3, Carefully adjusted position of the components of the optical systen
and in particular the condenser (in order to obtain a rigorously parallel bean

"‘ of light). For this it is necessary that the ratio of the diameter of the

light source to the focal lengtz of the condenser be a minimume.
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4, Careful fit of the model dimensions to the contour and thickness of

the holder.

5. Assurance of constant thickness of the model over its entire surface.

VWhen the model is placed between the polarocids, its surfaces must be rigorous-

1y perrendicular to the optical axis of the system and its center must coincide
with the axis. Failure to secure a rectangular section of the model and its
improper orientation with respect to the direction of ﬁolarized light becomes
evident first of all in the magnitude of the volumetric effect. This effect
may cause experimental errors in the determination of thé order of the frimn-

! ges by as much as 10 percent.

graphing the optical pattern one must use photographic objec-
| tives of high cap:city, highly sensitive film of high contrast, developers
|
E which tend to ingrease the contrast in the negatives, use of thin negatives
% and the rreper type of photosensitive -paper.
i In testing models of resin in a flat contginer with glaés sidewalls the
‘l' . observed ortical pattern reveals the fact that the resin adheres tc the glass
| Plates of the container. If a lubricarnt is used, it is displaced at the con-
| tact points of the résin model and the élass in the process of deforration.
The glass surfaces in contact with the resin are acted upon during the flow
of the meterial. 1In view of this tnere are created considerable shearing
stresses and this fact causes the arpearance of a certain optical effect in
the glass plates them;elves. This ortical effect, which affects the optical
rattern, =ust be taken inté account in prlamning the experiment.

Thig i:dicatea effect may be reduced tc¢ a minimum by using in thne con-
tainer glass plates with a low optical gsersitivity. Then we shall not cbserve

any apprecizcvle change in the optical paths within the glass ard in certain

cases the effect of double refractivity in tae glass plates nay be neglected,
Thus, it follows from the above that the experimental procedure in the

photoplastic r.etaod has its characteristic features which distinguish it

7
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basically from the rhotoelastic method.

4. Photographing of Isochromatics and Isoclinics.

The photographing of optical effects observed with linearly and circular-

ly polariied light witn deformed models undergoing viscous flow has its

"special characteristics.

wWnile in the testing of models by the photoelastic method we paotograph -

a static fringe pattern, in the tests of models of resin we obtain a pattern
whien varies witn time. Therefore, all the experimental tvrocedures nust be
rigorously planned so that the photographing is carried out gt trhose stages
o e experimeut whiéh are of greatest interest to the experimenter. There-
- fore, it is necessary to use photographic apparatus of high quality which is
L0 reduce the exposure to a minimuii.

For thig purpose - the universal photogiaphic camera (UFK) is quite suit-
able; iﬁ has én "Induétarflj" lens with a focal lengtp of 300 mm and receives
9x12 cm film. Even more convenient is a camera with a lens having a focal

' length of 110 mm. In thisAinstance a removable plate holder is used for
photographing with 6x9 cm film.

Distortion of the form of fhe model and the fringe pattern cannot be

' %olerated in the polariscope. In order to eliminate this distortiog. a pro-
per cptical system is used. In order to check the presence of distortions on
the ground glass of the camera, a rectangular grid is engraved upon the ground
glass which aids in controlling the appearance of distortions.

In using narrow film the most convenient camers is one of tae reflex
type, especially a "Kino-Exacta" with a "Biotar" (1:2) or "Zenith" lens. In
order that the film accommodate the entire optical pattern, it is necessary
to make the proper adjustment in magnification.

In order to obtain high contrast negatives with the cameras as described,

one must use highly sensitive aerial photographic film, high contrast,

72
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"Iso-ortho" plates; 6x9 "Isopan" film, or fine grained motion picture film MZ.

In order to obtain color negatives, one must use film of type B. 1In this
instance the light source must be a vertical prcjection lamp of 500 watts.
This yields bright and vivid color Photographs, both of the isochromatics
and isoclinics.

Good results are -obtained by rhotographing isoélinics with ordinary
photographic material (M2) using a monochrematic source of light. The use
of a filter and a slight overexposure aids in increasing the sharpness of ths
isoclinics in the general fringe pattern.

Isoclinics may be sketched directly on & sheet of paper by utilizing a
ground glass camera back or by using a spgcial attachment for projecting the
lines on a horizontal surface. In particularly important cases, one must
obtain both a photographic recocrd and a reéorded sketch. - Each record supple-
ments the other and aids in locating with precision the location of isoclinics
in various parts of the model. In such cases one must also take into account

the particular properties of these lines along free boundariss or the contours
in which shear loads are absent..

Development of the negatives in high contrast developers imprdves the
contrast quality of the.negatives. However, even with corfectly exposed and
develaped negatives it is possible to improve the contrast by thinning out
the negatives or certain parts of it. The use of different grades of paper.
partial exposure, equalization during exposure, partial developmert of selected

rortions of the positive, various grades of developer, retouching, etc, may

succeesfully aid in improving the quality of the positive,

23
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CHAFTER IV

VISCCUS PHOTCPLASTICITY
An irreversible change in the fofm cf a body occurs by virtue of viscous
and plastic flow. Each of these forms of flow has its specific features which

require different modelling procedures. In this chapter we shall consider the -

basic principles involvgd‘in modelling of processes of viscous flow, and we

elastic and photoplastic methods.

1. Viscous Flow. ' -

As was previously indicated, the basic distinction of viscous flow is
the dependence‘éf the deviational-portion of the stiess tensor upon the rate
of deformation and its independence of the magnitude of deformation. This
form of flow is common to all amorphous bodies, which include among them the

majority of natural ard synthetic plastics. It must be remembered, however,

that viscous flow also occurs in bodies of crystalline structure. Thus, de-
formations which follow the law of viscous flow are cobserved in the case of
tectonic flow of rock formations and in the creep of metals. Apparently,
deformation in the form of viscous flow is common to all bodies in nature.

In crystalline bodies this deformation is as a rule accompanied by structural

changes, a fact which complicates considerably the observed relationships.

The kinetic-molecular theory of viscous flow vroposed by Eiring 1537
and further developed by Frenkel, establishes the relation between the shear-

ing stresses and the rate of shearing deformation:
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t=c, Arsh(c,Y).

where T is the shearing stress;

:} is the rate of shearing deformation;

Cl' C2 are constants which characterize the propertiés‘of the sub-
stance at a gi§en temperature.

For small shearing stresses, when Cé?“@l, Arsh (Cajr) may be represented

approximately by 027, and formula (6) assumes the form
_ tac,c,:{.

In tﬁis case, the product Cl' 02 is the ordigary coefficient of internal
friction. This relationship is observed experimentally in ligquids and in
certain solid bodies, such as resiuns. As an exarmple of such linear relation-
ship the authors can cit; the results obt#ined by them in experimenting with
resin plasticized by rosin oil. ‘hese results are shown in the graph of
Figure 38. 1In the case where C, 3>i, formula (&) approaches asymptotically

the form of

=0 ln (2":1) R :

t=¢, + €, in7,

where C, = C, 1n (2C,).

stresses and

are observed in stavilized processes

of creep in metals.

In considering tne problems of in-

2
v ;m/sec vestigation by means of rodels, we need
¢ 4S5
Figure 38, Relutionship between the not be concerned with the mechanism of
shearing stress and tne rate of inden-
tation of thne ball in Hepler's consist-different types of change in the form

ency apparatus.
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£ the body. In this instance we are only concerned with the relationship
between the tensors 6f,stresses. deformations, and the rates of deformations.
These relationships are always detercined experimentally.
In ths following paterial we saall con;ider

Y

a viscosity in excess of 10 poises. In this case, the internal frictional

the flow of material having

forces exceed the body forces in most prccesses which are of interest to us,
and consequently the forces due to mass and inertia may be neglected. Under
these hypotheses, thne relationsaip between the stress componerts and the rates

of flow-may be represented by the following equations up to certain magnitudes

“of

\
i. €
)
7

[
L'

a;
lna i
e
~h

.where Cj is the average stress equal to
n A the coefficient of the internal friction.

Together with the differential equations of equilibrium

and the comdition of invariability of volume

' &'U‘, 6'0)' 6@, I
; = T oyt az O A (9)

These equations describe completely the process of flow under the indicated

conditionse.

If we confine ourselves to.consideration of the cases in which the
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. coefficient of internal friction TZ may be assumed to be constant, then

.substltutxng the values of the components of the tensor of the stresses (7)

in {8), and taking into account equatlon (9), we shall obtain:

i Py
! P +4Av,=0, @

03
B 4vA0,=0,b
ay =y (10)

L= v 63
-TZ-—-%- Av,=0. ¢

In theserequations, the operator Z& has the usual value

& ;.as s
= Txy T oyt ezt !

Differentiating equations (10a) with respect to X, (10b) with respect to Y,

(10¢) with respect to z, adding, and taking into account condition (9), we

obtain an equation for Cf given'by:

- Ao=0. N
In the system of equations (10) it is also easy to eliminate Cf and to
: 101 ; se rates of flow. Viscous materials

obtain a systern of equations only for t

whose flow is described by equations (10) have tne property of adhering com-

pletely to the instrument causing geformation. Thus, the rate of flow of the

material undergoing deformation at the surface of the instrument equals its

velocity. To consider a particular case, the rate of flow for a stataonary

instrument surface 1is equal to zero. ‘This property yields a voundary con-

dition for tne rate of flow. The conseguence of this is tiae fact that the

.ormal stresses on tne surface of tre irstrument are equal to the xean stresscy

In order to prove this assertion, let us consider the stresses at an ar-

vitrary peint on the surface of tnre instrument. wWithout imposing any limita-
the pla.e tangent

as on tne general nature of tze proof, we can assume that 1

s
10

to the surface of the instrument at this point is parallel to the plane XOY.

dhererce,iﬁﬂ——- —éb&—— 0, and on the pasis of (9)
o &/
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" »
9Y: = O also, whence we obtain on the basis of (7¢) that (jzz(f..

N J= _ . . . .
3 Equations (9), (10) and (11) are linear, and their use is well developed;
this permits us to aprly them to the calculations and analysis of many pro-

cessesg of flow.

Ir spite of this, in those cases where the deformation is characterized

by & geozetricaliy couplex plastic pattgrn, the calculations are either too
time consuming or impoésible to solve in practice.
it must be borne in zind, however, fhat in reality the coefficient of
interral friction Tl is a functiom of tﬂe average stress Cs and tae tem-
perature. * As was already shown, tae dependence of the coefficient of irternal
. frictiomn or the mean siress hﬁs.the form

-8

!% ,
According to the authors' experiments to be described belcw, for resic
] material ()( has a value of the order of 0.012 cmz/kg. Consequently, if at
two points in the Tresin material whose flow process is under study the diffe-~

rence between average stresses is equal to 100 kg cm, then thne viscosity of

_tne material at these two points will differ by a factor of more than tnree.

ot

] It is quite apparent that an assumption that the coefficient of internal fric-
tion is constant is not applicable under these conditions.’ If, however, tnis
coefficient Yl in equaticn (7) assumes the form of (12), we shall theﬁ obtain
nonlinear differential equations the solutions of which lead to great mathe-
matieal difficulties even for the simplest processes. In view of this, the
study of many processes of viscous flow at the present time is only péssible
in an experimental form. One of the exrerimental methods may be taes photo-
plastic method.

In modelling various physical processes, particularly when we wish to

obtain quantitative results, the questions of similitude are of paramount im-

pertasce. As is usual in such cases, we sinall consider as similar those

28
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processes which possess a similarity in tnose fields of physical variables
‘ which are of interest to us in the process under study. Similarity of the

fields of the physical magnitudes is present in the case where one field may

be obtained from the other by changing the scales of measurement. In study- 1

rocess of viscous flow we are primarily interested in the fields

irg the p

representing rates of flow and stresses. In the following, we shall consider
two processes as being similar if the rates of flow and the stresses at cor-
responding points are proportional. (The coefficients of proportionality
for the rates of flow and the stresses are in general diffgren |
The ba;ic theorem of the theory of similari
Gukhman, states that: "[wo panenomena are similar if they are described by
one and the same system of differential equations and if thég have similar
ccnditions which determine the sign" 1527. In the case under consideration,

among the conditions of similarity which assure constancy of sign we must

include geometric similarity and similarity of boundary couditions. The
necessity of geometric similarity is obvious and needs no srecial exglanation.
Under conditions of surface stickini, similarity of boundary corditions is al-
ways present. Let us establish those conditions of similarity which make it
possible to describe the processes by a single system of differential equations.
As was already shown, in the study of many processes of viscous flow it
is neceséary to take into account the deperdence cI the coefficiert of inter-
nal friction'7z upon the average stress. Let us derive the conditions of
similarity taking this deperdence into account. When trhe reiationsiip bet-

ween 7? and (f ‘is of the formn given in (12), the flow 3

4

ccess ¢f a very

viscous incomyressible mediuz is described by equatioms (7), (&), (9) and

(12). Substituting the value c: the coefficient of interral friction (12)

in (7), we obtain:
ﬂ;n “>7

- . N I“"B”""i a1
O =% + o “( 3 +—a?—),
x 1 /.

(13)

C 3 —
hd U ik denotes sor with components egual to 1, waen i = k, and
aanal to CO. when

He 0
L
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where i, k assume the values of x, y, z.
The medium undergoing deformation is éhéracterized by two coefficients:
n (0)* the viscosity in the case where tne average stress is zero, and
CX, the parameter indicating the sensitiﬁity of the internal friction to
changes in the mean value of stress. The media which we are considering may
have various values of TZ(O) and (X .
Let us reduce equation (13) to a dimensionless fcr:. In doing this,

let us change the scale nof the quantities which enter into the equation in

such a manner that dimensional values may be canceled in the equation. Let

e
o}
or
foial
[1])
@

el
£
vl
3
e
o]
o
jul

s a product of a
' constant dirensional value which may be regarded as a new unit of measure-
ment and a dimensionless variable quantity.

Let

O =6,8,; v;=0,Vp; n,=7%- 1
=3,k; X =xX,X; a=a,- 1. _
R (14)
Here all the letters witn the subscript p denote constant dimensional
values, and the capital letters denote variable dimensionless quantities.

Substituting (1%) in (13), we obtain

e T
5,8 =3,- L -8, +me °F 2 (gl +—

TR VK (15)
Dimensional factors in equation (15) may be eliminated previded that
s, = k vp .
b T (16)

In addition to that, since the exponent of e is dimensionless,

gk (17)

Here k is a dimensionless constant. It can be easily demonstrated that equa-

tions (8) and (9) do not impose any conditions on the selectinn of the scale.

8o
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fod

Let us consider two processes which we shall in the followine eall the

1. 1st and 2nd processes. The quantities which appear in each of these yro-
cesses will bte désignated by the appropriate subscript.

The conditions for the lst process are given by

s
'

O o , (18) 3

and for the 2rd, given by

-
[+ = 7 —'—"v’. a i
P .ﬂn X
85, 0p, =K L) .

[ . I (19)

e4]
o

th processes. are described by the same eguations but with 4ifferent units

measurement. Therefore, the rrocesses are similar

Let us divide the exypressions (18a) by (19a), and (18b) by (19b):

ap, Ops : (20)
The ratios of the analogous values which characterize the 1st and 2nd process
are called rultipliers of similarity.,

Let

(21)

By means cf these designations the conditiorns of ginilarity may be written

in tae formx:

-
: C, -C,

iI ‘ Co=-"2_"2 4

R ) Lx

! : Cu. N Ca = ] . b

: (22)
A
' STAT]

81

l Declassified in Part - Sanitized Copy Approved for Release 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8

Let us suppose that we must study by means of a model the flow process
‘! of a material characterized by the constants 72(0) and (X . e nhave at
~our disposal a material fur preparation of a rmodel whose constants are 7? (01
and (¢ 1° The scale of the model is usually selectied by ccnsidering the ex-
perimental means and the means of machining the models and alsc by taking inte

account the available equipment. Thus, Cs , c.,l and Cx may be considered to

be preassigned.

Using equation (22b), we determine

. ) - 1 :
| ' o L'— [ (23)
On the basis of (222)
‘“"D= Cx .
. o en

PR it e o e (2‘.&)
Since Cv is the ratio of the velocities of flow at the corresponding
points of the mocdel and the actual process, it is equal to the ratio of the
speeds of the machines cauéing tne loads. At the.same time on the basis of
(2}) all the stresses in the corresponding points of the model will be reduced
by a factor of Cq . In an analogous manner we can obtain the ratios between
the loads in the model and the actual process wﬁich assures similarity in the
distribution of stresses. It is useful to note tkat, as followé from (23)
‘ and (24), varying only the speed of the machine arnd utilizing one material
for the models we can determine stfess distributions similar to those which
exist in the actual>material undergoing a process of flow wifh 7? and (X
assuming arbitrary values. .If we can neglect in the processes under consider-
ation the effect of the mean value of stress on thé coefficient of internal
friction, then the condition (22b) vanishes. The distribution of stresses in
such processes is always similar and the rétio of stresses at corresponding

peints is determined by the expression (22a). e must note that in deriving

the conditions of similarity we did not take into account the heating of the

82
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material in the flow process and the reducticn of the viscosity associated

- with the increase in temperature. In a number of cases this factor must be

taken into account.

2. Ovptical Anisotropy in Conditions of Viscous Flow. i

In Chapter II it was indicated that during viscous flow of certain

bodies the initially isotropic medium acquires optical anisotropy. This

phenomenon is observed among resins, plastics, glasées and fluids. The

effect of double refraction in viscous flow was studied primarily in fluids

having a viscosity of the order of 10*2« 10 poises. Ordinarily this effect -

ie called the Maxwell effect. It is established that for molecular fluids

and with very spmall rates of shear the -difference betweern the indszes of

refraction of the ordinary and extraordinary rays is proportional to the rate

W

of shear, and the directions of the princi

+4Aaa
vilal

Iy

es

orm an angle of

=Y Awn
Ga U

el

450 with the plane of shear. In the case where the fluid is a colloidal sus- i

rension or a solution of polymers, the relationships become more complicated.

"

Thus, the angle between the major ortical axis and the plane of shear de=-

creases with an increasing rate of shear approaching a certain constant. The

relationship between the difference of the indexes of refraction and the rate

of shear in this case proves to be more complex and is different for different'

substances. These data yield information on the form of molecules of the

polymers and on the degree of their polymerization. Considerable work in this

field was accomplished by Tsvetkov and his associates.

Modern molecular theories of liaxwell's effect indicate several possible
exrlanations of the forced anisotropy caused by the presence of the velocity
gradient 4257. First of all, this phenomencz may occur if the medium contairns
molecules which may be polarized anisotropically and have in addition an
elohgated form. In the absence of deformation in the fluid, these molecules

® are Aoriented at random and the fluid is isotrepic as a whole., If we now

create in the fluid a velocity gradient, it aids in orientation of the
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elongated molecules along certain directions. The directions of orientation '

of the molecules cease to be equally probable, directions of predominant

orientation appear and the fluid acquires optical anisotropy. While the

velocity gradient introduces order in the orientation, the thermal movement

of the molecules destroys this order continuously. The simultaneous effect

of these opvosing factors leads to the state where 'a certain degree of order- |i

liness is established in the liquid, depending on the relationship of the

indicated factors. Calculations show that in the cases where the equilibrium

state of orderliness is small,

tae directions of predominant orientation of i

t

&
(]
B

[
©
L}

- ‘ o .
‘axes of the molecules forr an angle of 45 with the

direction of

th

1}
-3
1]
’-l
O
2]
Mo
o
4
o]

gradient. These directions then become the directions of the

major optical axes. Such a mechanism of anisotropy

presupposes saturation,

since there is a limit value which is

attained upon complete orientation.

relation betwe he difference in the indexes of refrac-

ion and the velocity gradient may be nearly linear

only as long as the degree

of orderliness is not great.

. -

The forced- anlsotropy may also be tae consequence of deformation of

molecules under the action of stresses.

This mechanism may be the predomi-

nant one for deformation of polymers.

Irn addition to that,

if the medium contalns elongated particles for

which the 1ndex of refractlon differs from the mean index of refraction of

the medium, then in the case of ordered crientation of these par

ticles we

also obtain anisotropy.

Vie must keep in mind the fact that the latter mechan-

ism of optical anisotropy may exist only in those cases where the particles

have dimensions exceeding the wavelength of light.

The theories which consider the

mechanisms of Maxwell’s effect

yield results which only agree qualitatively with the experimental results,

In order to utilize double refraction for the purpose of study of pro-

cesses of viscous flow we must know those relationships which exist between
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the observeﬁ optical effect and the various parameters of the process. of
greatest interest to us is the relationship between the magnituGde of forced
anisotropy, rate of deformation, and the state of stress.

The authors have made measurements of the difference in the paths of
ordinary and extraordinary rays passing through deformed resin consisting of

80 percent rosin and 20 percent of rosin oil. Viscosity of such a material

at t = 20° is T?(O) = 2.51108 poises. Data which characterize the rheoclogical
behavior of this resin are shown in Figure 38. The linear relaticnship bet-
ween the rate of deformation and the maximum shear stress indicates that in
the given case we are dealing with a viscous flow described by equastions (7).
Those methods of deforming bodies which are used in similar tests of

T -~

materials in the method ¢f photoelasticity are naturally mot applica
the case of flow of the medium. In a given case we must have a plane station-
ary process of flow in which the state of stress and the rates of deformation
are known with precision., We have obtained deformation by means of concentric
shear, and the substance of this method will become clear from examization of
the diagram shown in Figure 39. This method of deforming a body is ordinarily

employed also in the study of Maxwell's effect in fluids.

=)

Figure 39, Diagram illustrating Figure 40.
deformation by the methed of concen

tric displacement.

The essential parts of the instrument were two concentric rings, the

clearance between which was filled with the material under investigation.
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- » | . : - T e S ,‘fj{
: After hardening the material adhered tenaciously to the walls of the rings. o

'. Figure 40 shows tne rings with the specimen. Tne outer ring was fixed while |
the inner ring was subjected to a given torque. During rctation of the inner

ring each point of tne s;ecimen was deformed by the method of applying simple

shear. For any isotropic material Subjected to such a deformation, the tra-

jectories of maximuc shearing stresses are concentric circles, while trajec~
]
tories of principal stresses form two families of logarithmic spirals of the i
{

following form:

r =Ae:€?
(Figure 39). At the same time, the princigpal stresses are.equal in magnitude

-

but have opposite signs.

The maximum shearing stress is determined by the exrression

~N

Tmar =t = (25)

_ 2xrid .

where M is the torque; e

: . r is the radius of the point under consideration; o
- d is the thickness of the specimen.

At the same time tze distrivution of velocities of flow is established

in the specimen by the following equation 1527:
ri(rd—rt)

r(r*—nr? - (26) i

0 =0; Vy=0

Here Ve and Ve are respectively the radial and tangential components

' of the vélécity;
‘ L is the angular velocity of rotation of the inner ring;
r, is the radius of the inner ring;
T, is the radius of the outer ring;
r is tne radius of the point in the specimen being considered.

Consegquently, the rate of shear is

:l'!' o0v, T re ot .
or P Pt —nt) (27) -
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. .The apparatus with the specimen was placed in the field of the nnlaris-
cope. The illumination was directed along the axis of the rings. The optical
" diagran qf'the experimental setup was shown previously in Figure 29. After
a given torque was applied to the inner ring, it began to rotate. The field

of view of the specimen became covered with fringes. At some time each fringe

shifted from the center to the periphery and the radii of the fringes increased.
However, after a certain length of time the fringes became stable and their

location was dependent on the magnitude of the applied torque. After this the

optical pattern was photographed and the radius was determined from the nega-

tive taking intc account the change of scale in the photographic process.

The corresponding shearing stress was computed by formula (25).

In the given case, just as is done in the rhotoelastic method, it is

convenient to measure the difference in the raths of the rays in terps o

! wavelengths of the light being used. 1In this instance the difference in the
|
—
- i
i
|

la

the
@ paths at the point of the model under ccnsideration is equal to the fringe

» ?
order. In Figure 41, there is shown a grarh illustrating the relationship of
the fringe order to the magnitude of the shearirg stress for a specimen 1 cm

thick. These data were obtained with tie Yeliow line of mercury ('A =

BT IV N V 5770/90 2) at a témperature of 20°C.
Tmax ke/cn?

‘The experimental results indicate

V.
25 /’ - tkhat a linear relationship exists bet-
20 /

/ ween tne difference in the phths of

5 /

f0 vd . shearing stress up to a limiting value

R

lickt and the magnitude of the maximum

©

- ar - 2 . ;
f at least 26 kg/cm“. Since in the

2 4 6 8 10 #2n forticzzl tc the shearing stress, we

ﬁ’ Figure 41. Relationship between the gay speak of proportionality between the
maximum shearing ciress and the fringe

order for cdeforzation in resin. difference in the paths of the rays end

Laaaiieoll
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o e e e e e, N = e e -

the rate of shear. The liﬁear relationship thus obtained makes it possible to

characterize the optical sensitivity in terms of the fringe value of the ma-

As we know, the fringe value for

terial, just as in the photoelastic method.

the material is measured by the magnitude of tne maximum shearing stress which

produces a difference of one wavelength of given light, for a path of light

traversing a medium 1 cm thick. » .

'.r—«-\-:u.,wx.,;__r -

According to the definitign= the fringe values are calculated according

where f; is the fringe value of the material;

n. 1is the ofder of the fringe:

Or, as applied to the experiments described above,

1V,

Orrin ' _ ‘ (29)

iy

Ty =

The fringe value of the material under considera t ion as obtained from

20 specimens for t = 20°%¢ preved to be equal to 2.2 + 0.015 kg/cm for a

yellow. line ¢f mercury. In all the experiments the lsocllnlcs were situated

along the radii forming an angle of 45 witn the plane of polarization irres-

pectl“‘ of the magnitude and stage of loading. Thus, the optical isoclinics

coincide with mechanical isceclinics.

In order to obtain a more detailed explanation of certain peculiarities

of the increass in the path difference with time while the specimen is under

a constant load, analagous tests were conducted at a lower temperature. The

reduction of ‘temperature was accompanied by an in

O

rease in viscosity, and as

a result the stabilization process of the optical pattern became drawn out.

At the same time, the following was observed. At the instant the load is

@ applied, the difference in the paths of the rays attains a certain value in a

single increment and then gradually increases under conditions of creep for a
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sustained load. At first the rate of increase in the difference of the paths

of the rays is large, although it has a finite value. As the flow process

S 50 O UG O QU PO

develops, the rate of increase of the [

n
0

path difference decreases and ap-

proaches zero., Whern the load is

suddenly removed, a certain part of e ' l
the path difference disappears to- 0 20 e é“h. 66Ce
gether with the load, and the re- Figure 42. Change in the path d1ffer-
ence for rays passing through resin
] mainder decreases over a reriod of undergoing flow under a constant load
—] (t = 0 at the instant of application
l several seconds, end even scores of of load).
—

seconds. If the direction of the load is reversed éfter it ‘has been ‘applied
for a considerable length of time (say, by reversing the diz;ection of appiied
torque), the path difference is reduced to zero in 1-2 seconds, and then
creases having changed its sign.

@ -'In Figure 42 there is shown a graph illustrating the increase in the
difference of the paths of rays with time under a constant load. This experi-
rent was conducted at 14°C. It can be seen from the graph that the final path
difference is approximately twice as large as the value corresponding to the
instant of application of the load. This must be taken into account in experi-
ments invclving models. All the measurements and photograrhing must be dom»?
only after the pattern under observation becomes stabilized.

I The indicated peculiarity in the change of difference in the paths of the
l rays during the flow process is definite evidence of the fact that iﬁ the
E given case ortical anisotropy is due basically to the fact that an orderly
- (-Jrientation of molecules comes about as a result of defor:.ation. In connec-
tion with this, we must consider tre question of the possible rmagnitude of
.pechanical anisotropy which occurs in the flow process, since an orderl& orien-
(’ tation of molecules must assuredly bring about mechanical arnisctropy. In par-

ticular, the coefficient of internal friction J) must become a tenscr gquantity.

\
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As was already indicated, the anisotropy caused by orientation of mole-
cules has a limit which is attained when complete orderliness is achieved.
The curve showing the variation of the difference between indexes of refrac-
a saturation curve which aprroaches asymptotically its
imiting value. In this case the proportionality vbetween the difference of
the two -indexes of refraction and thne shearing stress under conditions of
viscous flow may exist only as long as the distribution of molecule orienta-

tions arrroaches a2 uniform distribution. However, according to experimental da-

)

ta tris proportionality is well observed up to T}ﬁxé2§ kg/cm2>es a limit. This

forms a basis for a hypothesis that ring stresses

tne degree of orderliness in orientation is quite smalil. We shall also con-

sider how large is the relative diiference between the indexes of refraction
of the ordinary and extraordinary rays which is observed in analogous experi-

ments. As can be easily shown, the difference between the indexes of refrace

tion is related te the magritude of the maximum shearing stress as follows:
‘¢

-

Ino-'n¢.|=;~ Tmax

%o

Even in the case where the éhearing stress T max = 100 kg/cmz, when
we utilize the previously obtained values of‘A_ and ‘ro we arrive at the
facé that the difference of the indexss of refraction }no - ne;.= 0,0026,
which constitutes only 0.175 percent of the mean value of the index of re-

of the material ugde? study. There are reasons to believe that the

magnitude o£ mechanical anisotropy is of the order of the optical one., All
this gives us grounds to consider resin as being mechanically an isotropic
material under the indicated conditions of deformation (that is, we can con-
sider the coefficient of internal friction as being a scalar quantity).

It proved to be possible to conduct ths experiment with concentric shear-

ing displacerxents only up to 26 kg/cm2 as a limiting stress, since the speci-

mens fail at stresses exceeding this value. Usually the failure occurred
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along spiral lines which
principal compressive stresses.
is shown in Figure %
sion under the action of a tensile s
5 2 . . s .
26 xg/cm, which then imposes 2 1imit upon the

used in the method of co

L

C
(V]

D P B "
eclassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/06/18 : CIA-RDP81-01043R003900240001-8

coincided fairly well with the trajectories of

A photograrph of a specimen after failure

%2, It is obvious that the material is destroyed in ten-

v

tress having & magnitude of tne order of

shearing stress that can be
ncentric shearing displacements.

One of the special attributes of

rocess by means of con-

fe%

e deformi P

ic displacements is that the mean

nt

H

stress 1s equal to zero. On the other

hand, the mean stress generally attains

considerable values in models which

represent various processes of de~

formation. Thus, there arose the Figure 43. View of a specimen which
failed at TUmax = 26 kg/cm .

necessity of verifying the observed

fringe value for a specimen subjected to hydrostatic pressure varying within

wide limits. This proved to be possible to achieve experimentally by forcing
section.

the material under investigation through a channel of sgyuare cross sec

agram of the experimental set-up

The general view of the apparatus and the di

are shown in Figures 44 and Ls,

A slit 5 mm wide was cut through a steel plate 5 mm thick. Optically

flat glass plates were bolted to both sides of this plate by means of two

other plates and six bolts. The slit, covered on both sides with glass

One end of the channel was sealed with an accurate-

plates, formed a channel.

ly machined aluminum washer and then the ¢ nnel was filled with the cast

material being studied. A die waich exerted pressure through the washer had

a cross section somewhat smaller than the channel so &8 to minimize resistance

to its movement. The optical arrangement in the experiment was analogous to

that shown in Figure 29. FPhotographs of tne optical patterns obtained in

D I ) .
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Figure 44, Ge view e appa- Figure 45, Diagram of the experimental
ratus used for forcing resin through set-up in forcing the material through |
a channel, a channel. 1

Figure 46. Fringe pattern in forcing resin through channel: a -- at a load
of 120 kg; b -- at a load of 150 kg; ¢ -- fringes near tae loading washer,
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>

linearly polarized light are shown in Figure 46. The dark line along the

axis of spymmetry is the neutral line, or the line of zero order. Near the

(=24

ends, it passes over into an isoclinic with a parameter egqual to zero.

When a specimen is forced through the channel, the pressure upon the

material from the washer end is egualized by the tangential forces on the

sidewalls of the channel. Thus, we have an equality ‘

———— s s o e i

where P is the force on the washer;
h

is the height of the specimens

a is the side of the square section;
7;y defines the stress in the plane of the waii of the channei.
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ne surfaces where the maximum shearing stresses ’

exist (this guestion will be considered in greater detail in the following
§

pages). Consequently, on the surfaces of the channel 7’zy = TFmax' Taking

into account the fact that

L3
§ Tay dx = |\ Tmax dx = To Nyz) s I

|
|
equation (25) may be rewritten in the form i
i

(31)

where n(z) is the fringe order at the wall of the channel at a section Ze

h

2

The 'experimentally determined pressure forces F_. are compared in Table

2|

t

o
e}
A
2

d equation {31}, The integration in formula

1}

3 with the forces PP cexput

(31) was replaced by a sumrmation, and the variation of n, , between adjacent
- '\2/

exrerimental points was acsumed to be linear. The fringe value used in the

» calculations was that observed in the experiments involving a conce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>